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Chapter 1 
 
Introduction 
 
 
1.1 Arylalkylamines 
 
In modern pharmaceutical industry, new drugs are commonly discovered by an iterative cycle of 
synthesis and testing of large collections of compounds called libraries. Whereas in the early days 
of combinatorial chemistry it was expected that useful lead compounds would emerge if large 
(random) compound libraries were tested for biological activity, attention has shifted to the 
synthesis and screening of smaller drug-like libraries.1 This shift was stimulated not only by the 
disappointing results of random compound screening, but also by the realization that the chances of 
discovering novel drugs is higher if the underlying core structure, the scaffold, is biologically 
relevant.2  
A representative example of a biologically relevant scaffold is the arylalkylamine moiety. 
Arylalkylamines are a subunit commonly found in compounds that act on the central en vegetative 
nervous system (Figure 1.1). The β-arylethylamine moiety is present in neurotransmitters such as 
dopamine, norepinephrine, serotonin, and histamine, but also in drugs such as morphine, and 
epibatidine. The arylpropylamine moiety can be found in blockbuster drugs like seroxat® and 
prozac®. 
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Figure 1.1 Arylalkylamine moiety in biologically active compounds. 
 
It has been established that the greatly differing biological effects of these compounds is caused by 
relatively small differences in the molecular structure. The receptor selectivity of a ligand that acts 
on the central nervous system is, at least partially, caused by the specific molecular conformation of 
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the arylalkylamine moiety in a particular drug. 3  To gain more knowledge on ligand-receptor 
interactions, and eventually to design more potent and more selective drugs, the preparation of 
conformationally constrained arylalkylamines is an important endeavor.  
 
1.2 Synthesis of arylalkylamines 
 
The development of efficient procedures for the preparation of arylalkylamines has been the focus 
of many studies.4 Especially in the last decade, the group of Scheeren has studied the preparation of 
CNS-active drugs containing an arylalkylamine unit using (high pressure promoted) cycloaddition 
reactions. Within this concept Seerden et. al. reported on the synthesis of epibatidine analogues via 
a (4+2) cycloaddition reaction of N-carbomethoxypyrroles with phenylvinylsulfone, followed by 
removal of the sulfonyl group and reductive Heck-coupling with arylhalides (Scheme 1.1).5 
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Scheme 1.1 Synthesis of epibatidine derivatives. Reagents and conditions: a) CH3CN, 1.2 GPa, 50 oC; b) 6% Na(Hg); c) 
ArX, Pd(OAc)2, Bu4NCl, HCOOK, DMF, 60 oC; d) CH3SiI, CHCl3. 
 
Another means for the preparation of conformationally constrained arylalkylamines is based on the 
application of 2-aryl-1-nitroalkenes or 2-aryl-1-cyanoalkenes in cycloaddition reactions (Figure 1.2). 
In the resulting cycloadducts the nitro or cyano functionality can be transformed into respectively 
an amino or aminomethylene group using a reduction reaction.  
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Figure 1.2 General means for preparation of arylalkylamines from 2-aryl-1-nitroalkenes or 2-aryl-1-cyanoalkenes. 
 
As an illustration of the application of cyanoalkenes in the synthesis of arylpropylamines, Aben et. 
al. reported on the preparation of paroxetine precursors via inverse electron demand (4+2) 
cycloaddition reactions between methyl 3-aryl-2-cyano-2-propenoates with ethyl vinyl ether 
(Scheme 1.2).6 
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Scheme 1.2 Preparation of paroxetine precursor. Conditions: a) CH2Cl2, 1.5 GPa, rt, 16 h. 
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Another reaction, suitable for the synthesis of arylalkylamines or derivatives thereof was recognised 
in the (4+2)/(3+2) cycloaddition reaction studied by Denmark and others. 7  In this reaction a 
nitroalkene reacts with an enol ether to form a six-membered cyclic nitronate. This cyclic nitronate 
then reacts with an alkene in a 1,3-dipolar cycloaddition reaction to produce a nitroso acetal 
(Scheme 1.3). After formation of (4+2)/(3+2) cycloadducts, arylethylamines are available by 
reduction of the nitroso acetal functionality. Following this general concept, nitroso acetals have 
been used as precursors in the synthesis of a variety of pyrrolidines, pyrrolizidinones, 
pyrrolizidines, β-lactams, and a series of natural products.8,9 
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Scheme 1.3 (4+2)/(3+2) cycloaddition reaction followed by reduction of nitroso acetal. 
 
It was discovered by Uittenbogaard et. al. that the (4+2)/(3+2) cycloaddition is strongly accelerated 
by using high pressure.10 High pressure not only allows the (4+2)/(3+2) cycloaddition reaction to be 
performed in a one pot cascade fashion, but also increases the scope by allowing the application of 
less reactive starting materials (e.g. di- and trisubstituted olefins and unactivated nitroalkenes).11  
The utility of the high pressure assisted (4+2)/(3+2) cycloaddition was further established by the 
discovery of Kuster et. al. that this methodology is compatible with solid-phase chemistry. The 
nitroso acetals 1 were prepared in 33-52% yield by a high pressure promoted reaction of a 1-nitro-2-
phenylalkene, an enol ether, and a polymer supported acrylate followed by methanolysis (Scheme 
1.4).12 
 
R1O R2
R3
N
O O
Ph
N
O O
Ph
R3
R1O
R2
+
R4
+ O
O
O
OMe
R4
a N
O O
Ph
R3
R1O
R2
O
O
R4
b
1  
Scheme 1.4 Synthesis of nitroso acetal using polymer supported acrylate. Reagents and conditions: a) 1.5 GPa, rt, 48 h; 
b) MeOH, Et3N, KCN. 
 
Similarly, nitroso acetals 3 were prepared by reaction of polymer supported nitroalkenes 2 with 
ethyl vinyl ether and styrene followed by reductive cleavage (Scheme 1.5).13 
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Scheme 1.5 Synthesis of nitroso acetal using resin bound nitroalkene. Reagents and conditions: a) 1.5 GPa, 50 oC, 20 h; 
b) LiAlH4, THF, rt, 16 h. 
 
In this dissertation the application of 2-aryl-1-nitroalkenes and 2-aryl-1-cyanoalkenes as building 
blocks in the preparation of compounds containing a (masked) arylalkylamine is explored. Since 
high pressure is a powerful tool for increasing the rate and scope of cycloaddition reactions, it was 
applied in nearly all cycloaddition reaction studied in this thesis. 
 
1.3 High pressure chemistry 
 
High pressure has become an indispensable tool in organic synthesis.14 Similar to chemical catalysis 
(e.g. use of Lewis acids), microwave techniques, or ultrasonic techniques, high pressure is an 
efficient method to overcome the activation barrier of certain reactions.15  
An early example of the usefulness of high pressure can be found in the total synthesis of (±)-
cantharidin by Dauben et. al., which included as key step a high pressure assisted Diels-Alder 
reaction between furan and 2,5-dihydrothiophene-3,4-dicarboxylic anhydride. 16  Whereas this 
reaction could not be performed at atmospheric pressure, at 1.5 GPa the product was formed in 85% 
yield. Nowadays, high pressure is used more routinely and has been applied in the total synthesis of 
natural products such as (-)-discodermolide17 and (-)-reveromycin A.18 
In general, all reactions that experience a change in volume upon reaching either the transition state 
(∆V≠ ≠ 0, the activation volume) or the product (∆V ≠ 0) are affected by high pressure. The effect of 
pressure on the reaction rate is given by the following equation: 
 
(δ ln k/ δ P)T = - ∆V≠ / RT 
 
in which ∆V≠ is the difference in the partial molar volumes between reagents and transition states. 
Similarly, the equilibrium of a reaction is influenced by pressure according to the following 
equation: 
 
(δ ln K/ δ P)T = - ∆V / RT 
 
in which ∆V is the difference in the partial molar volumes between reagents and the products.  
Although these equations describe a high pressure effect on both the rate and the equilibrium of 
reactions, the high pressure effect is usually more pronounced on the rate of chemical reactions. The 
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equation predicts that reactions accompanied by a decrease in the activation volume (∆V≠ < 0) are 
accelerated by pressure and that reactions accompanied by an increase in the activation volume 
(∆V≠ > 0) are retarded by pressure. The value of the volume of activation can be calculated from the 
slope of a plot of ln k against the pressure (p). Theoretically, a reaction with a ∆V≠ = - 30 cm3 mol-1 
at atmospheric pressure (which is typical for a Diels-Alder reaction) is accelerated 2.0 x 106 times 
by application of a pressure of 1.5 GPa. However, at very high pressure the absolute value of the 
volume of activation becomes smaller (eventually |∆V≠| = 0), and the actual rate enhancement is 
smaller. 
The change in the activation volume of a reaction is caused by a change in the intrinsic volumes 
(∆V≠intr) of the reacting molecules. The intrinsic volume consists of the Van der Waals volume of 
the reacting molecules and of the changes in the empty space between the molecules (void volume), 
which is the space required for the thermally induced motions and collisions of molecules in the 
liquid state. However, to fully account for the high pressure effect also the solvent (∆V≠solv) has to 
be taken into consideration. For example in reactions in which the formation of the transition state 
involves the formation or disappearance of (partial) charges, an increase or a decrease in the volume 
of the solvation layers surrounding the transition state occurs. The overall volume effect is then: 
 
∆V≠ = ∆V≠intr + ∆V≠solv 
 
As was claimed above high pressure has a beneficial effect on any reaction with a negative volume 
of activation, but usually high pressure is only employed for those reactions that at atmospheric 
pressure are either too slow, require too high temperatures, or are very sterically hindered.  
Cycloadditions such as the Diels-Alder reaction are among the best examples of the dramatic effects, 
notably in the reaction rates, which can be observed by application of high pressure.19 In addition, a 
high pressure effect can be expected for other reactions14b such as nucleophilic substitutions at 
saturated carbon,17, 20  nucleophilic substitutions at carbonyl groups, 21  nucleophilic addition to 
carbonyl groups, 22  additions reactions to conjugated compounds, 23  certain organometallic 
reactions,24 and other types of reactions.25 Furthermore, high pressure has been demonstrated to be 
very beneficial to overcome steric hindrance.26 
Although high pressure has broad applicability in organic synthesis, very little high pressure 
assisted multicomponent reactions have been reported in the literature. The utility of high pressure 
in multicomponent cycloaddition reactions is exemplified in chapters 2 and 3. 
 
1.4 Objectives and outline 
 
This thesis deals with the exploration and development of methodologies aimed at the synthesis of 
compounds containing an arylethylamine or arylpropylamine moiety or derivatives thereof via a 
cycloaddition reaction of respectively 2-aryl-1-nitroalkenes or 2-aryl-1-cyanoalkenes. These 
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methodologies were investigated and/or designed to be compatible with combinatorial chemistry 
and the preparation of compound libraries via solution or solid phase chemistry.   
In chapter two, the scope of the (4+2)/(4+2)/(3+2) cycloaddition reaction between an electron-rich 
diene, a dienophile, a nitroalkene, and a dipolarophile to give tri, tetra, and pentacyclic nitroso 
acetals is presented.  
The third chapter discusses the base induced formation of N-organyloxy β-lactams from C(2)-nitro 
substituted nitroso acetals, obtained from a (4+2)/(3+2) cycloaddition reaction of an enol ether and 
two equivalents of a nitroalkene. Furthermore, the preparation of 3-organyloxy β-lactams by a 
novel base induced rearrangement of N-organyloxy β-lactams is presented. 
Chapter four deals with the solution and solid phase synthesis of a series of spirohydantoins, or 
more specifically 1,3-diazaspiro[4,5]dec-7-ene-2,4-diones, via a Diels-Alder reaction of 2-nitro-3-
organylprop-2-enoates.  
The structural requirements for the synthesis of a library of 6-spiro-1,4-diazepane-2,5-diones via a 
head-to-tail cyclization reaction of the terminal amine and the terminal ester of a dipeptide 
composed of a cyclic α,α-disubstituted β-amino acid and natural amino acids are investigated in the 
fifth chapter. 
In the final chapter, the methodologies that were investigated in the previous chapters are applied in 
the preparation of derivatives of dehydroepiandrosterone. 
Parts of this dissertation have been published27 or will be published in the near future. 
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Chapter 2 
 
High pressure promoted domino (4+2)/(4+2)/(3+2) cycloaddition reaction∗ 
 
Abstract: Electron rich dienes react under high pressure conditions in a domino (4+2)/(4+2)/(3+2) cycloaddition 
reaction with a dienophile, a nitroalkene and a dipolarophile to give tri, tetra and pentacyclic nitroso acetals. In this 
multicomponent reaction up to six bonds and up to eight stereogenic centers are created in one step in moderate to good 
yield and good stereoselectivity. It is described that a variety of dipolarophiles, such as methyl acrylate and styrene, can 
be applied in the final (3+2) cycloaddition reaction. The choice of dienophiles in the first (4+2) cycloaddition reaction 
is limited to those dienophiles, such as N-phenylmaleimide, which are more reactive than the nitroalkene used in the 
(4+2)/(4+2)/(3+2) cycloaddition reaction. At the expense of the formation of a by-product, resulting from the 
isomerization of the intermediate (4+2) cycloadduct, 1-nitro-2-alkylethenes can participate in the (4+2)/(4+2)/(3+2) 
cycloaddition reaction. Finally, the scope of the reaction is studied applying a series of electron rich dienes. 
 
 
2.1 Introduction 
 
A multicomponent reaction1 is a process in which three or more reactants are combined in a single 
reaction vessel to produce a product that incorporates essentially all atoms of the starting materials. 
Though several multicomponent reactions were discovered more than a century ago, it was not until 
the advent of high throughput technologies such as combinatorial chemistry that a renewed interest 
in multicomponent reactions arose. Because multicomponent reactions are flexible, convergent, and 
atom efficient processes with high exploratory power,1h these reactions are especially apt for the 
preparation of compound libraries which are used for biological screening.   
An interesting reaction, suitable for application in a high pressure promoted multicomponent 
approach, was recognised in the (4+2)/(3+2) cycloaddition studied by Denmark and others.2 In the 
(4+2)/(3+2) cycloaddition reaction, a nitroalkene reacts as heterodiene in an inverse electron 
demand Diels-Alder reaction with an alkene, usually an enol ether, to form a six-membered cyclic 
nitronate. This cyclic nitronate then reacts with an alkene in a 1,3-dipolar cycloaddition to produce a 
nitroso acetal (Scheme 2.1). Nitroso acetals have been used as precursors in the synthesis of a 
variety of nitrogen containing heterocycles and a series of natural products.2  
The (4+2)/(3+2) cycloaddition reaction is usually performed in a two step consecutive fashion using 
a stoichiometric quantity of Lewis acid to assist the (4+2) cycloaddition reaction. After execution of 
                                                 
∗  Part of this chapter was published in: L. W. A. van Berkom, G. J. T. Kuster, F. Kalmoua, R. de Gelder, H. W. 
Scheeren, Tetrahedron Lett. 2003, 44, 5091-5093. 
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the first step, the six-membered nitronate is purified by aqueous work-up and/or column 
chromatography to obtain the (crude) nitronate which is used in the thermally induced (3+2) 
cycloaddition with a dipolarophile. Without Lewis acid the inverse electron demand Diels-Alder 
reaction requires a large excess of reactants, 3  long reaction times, 4  or strongly activated 
nitroalkenes.4c 
 
R1O R2
R3
N
O O
R4
N
O
R4
R3
R1O
R2
X N
O O
X
R4
R3
R1O
R2
+
O
(4+2) (3+2)
 
Scheme 2.1 (4+2)/(3+2) cycloaddition reaction. 
 
It was demonstrated in the group of Scheeren that Diels-Alder reactions between nitroalkenes and 
enol ethers are promoted by high pressure.5 Using high pressure, no Lewis acid is required and the 
(4+2)/(3+2) cycloaddition reaction can be performed in a multicomponent fashion. Furthermore, 
high pressure assists in overcoming steric hindrance and therefore a large variety of highly 
substituted building blocks can be used.6 
As an extension of the three component (4+2)/(3+2) cycloaddition, Kuster et. al. reasoned that this 
reaction might be performed by generating an enol ether in situ from a 2-alkoxybuta-1,3-diene and a 
dienophile to create an overall four component (4+2)/(4+2)/(3+2) cycloaddition reaction (Scheme 
2.2).7 The proof of concept was delivered by reacting 2-methoxybuta-1,3-diene (1) with an excess 
of β-nitrostyrene (2) at 1.5 GPa and 50 oC, to give the nitroso acetals 5, 6a, and 6b in a yield of 78% 
and in a ratio of 1/3/1 respectively. 
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Scheme 2.2 Conversion of 1 and 2 to nitroso acetals 5, 6a, and 6b. 
 
In this reaction, no less than six bonds, of which four carbon-carbon bonds, and multiple 
stereocenters are created in one step in good yield and good regio- and stereoselectivity.  
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In this chapter, the scope of the (4+2)/(4+2)/(3+2) cycloaddition reaction is explored. The 
application of different dipolarophiles, nitroalkenes, dienophiles, and the use of different electron-
rich dienes is investigated. 
 
2.2 Results and discussion 
 
2.2.1 Dipolarophiles 
 
First the behavior of different dipolarophiles in the 1,3-dipolar cycloaddition was studied (Scheme 
2.3). Because alkenes substituted with strong electron withdrawing groups might compete with β-
nitrostyrene (2) in the first (4+2) cycloaddition reaction, the (4+2)/(4+2)/(3+2) cycloaddition 
reaction was performed using the moderately reactive dipolarophiles methyl acrylate and styrene. 
Reaction of one equivalent of 2-methoxybuta-1,3-diene (1) with two equivalents of β-nitrostyrene 
(2) and an excess of methyl acrylate at 1.5 GPa and 50 oC afforded the nitroso acetal 7 in a yield of 
71% as a mixture of four diastereoisomers 7a/7b/7c/7d  in a ratio of 2.8/2.7/1.8/1. Under similar 
conditions the reaction with styrene gave the nitroso acetal 8 in a yield of 62% as a mixture of three 
diastereoisomers 8a/8b/8c in a ratio of 4.5/3.6/1. In accord with previous results,7 the (3+2) 
cycloaddition reaction of nitronates with mono-substituted dipolarophiles resulted in the formation 
of a single regioisomer.  
 
MeO NO2
Ph
+
1 2
N
O O
MeO
H
Ph
Ph
O2N
(±)-7 R = COOMe
(±)-8 R = Ph
H
R+
R
2 4a 46
7 8a
 
Scheme 2.3 Conversion of 1, 2, methyl acrylate or styrene to 7 and 8. Conditions: CH2Cl2, 1.5 GPa, 50 oC, 16 h, 71% 
for 7; CH2Cl2, 1.5 GPa, 50 oC, 40 h, 62% for 8.  
 
The stereochemistry at C-4, C-4a, C-6, C-7 and C-8a of the nitroso acetals 7 and 8 was assigned 
based on the knowledge that the formation of these compounds proceeds through the common 
intermediate 4 (Scheme 2.2). Despite attempts to fully determine the relative stereochemistry of 
stereoisomers 7a, 7b, 7c, 7d, 8a, and 8c, no conclusive results were obtained. The stereochemistry 
of nitroso acetal 8b was determined by using 2D-NOESY (Figure 2.1). The stereochemical outcome 
of the 1,3-dipolar cycloaddition leading to compound 8b arises from an exo approach of the 
dipolarophile to the face opposite to the C(4) phenyl group of the nitronate.   
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Figure 2.1 Proton-proton interactions of compound 8b in 2D-NOESY spectrum. 
 
2.2.2 Dienophiles 
 
After demonstrating that different dipolarophiles could be used in the (3+2) step of the domino 
(4+2)/(4+2)/(3+2) cycloaddition reaction, it was investigated whether dienophiles other than β-
nitrostyrene could be applied in the first (4+2) cycloaddition. To prevent the formation of by-
products, dienophiles significantly more reactive than β-nitrostyrene were required. Because of 
their availability and their anticipated high reactivity with 2-methoxybuta-1,3-diene, methyl (E)-2-
cyano-3-phenylprop-2-enoate (9), and N-phenylmaleimide (10) were chosen as potential 
dienophiles (Scheme 2.4). To investigate the relative reactivity of these dienophiles with β-
nitrostyrene, an equimolar mixture of 2-methoxybuta-1,3-diene, β-nitrostyrene and the dienophile 
was reacted at 1.5 GPa and room temperature.  
The reaction of methyl (E)-2-cyano-3-phenylprop-2-enoate (9) gave a mixture of the enol ether 11 
(Scheme 2.4) and enol ether 3 (Scheme 2.2) in a ratio of 5/1. Thus, although enol ether 11 was 
formed as the major compound, it was not formed exclusively thereby rendering methyl (E)-2-
cyano-3-phenylprop-2-enoate (9) unsuited for application as dienophile in the (4+2)/(4+2)/(3+2) 
cycloaddition reaction. 
Satisfactorily, N-phenylmaleimide (10) proved much more reactive than β-nitrostyrene, and enol 
ether 12 was formed without by-products. 
 
OMeR1
R2
R3
R2R3
R1
+
OMe
9 R1 = Ph, R2 = CN, R3 = COOMe
10 R1-R2 = -C(O)NPhC(O)-, R3 = H
(±)-11 R1 = Ph, R2 = CN, R3 = COOMe
(±)-12 R1-R2 = -C(O)NPhC(O)-, R3 = H 
Scheme 2.4 Conversion of 9 or 10 with 2-methoxybuta-1,3-diene to 11 or 12 respectively. 
 
The high reactivity of N-phenylmaleimide (10) was exploited in a one pot high pressure promoted 
reaction between 2-methoxybuta-1,3-diene, two equivalents of β-nitrostyrene and one equivalent of 
N-phenylmaleimide (Scheme 2.5). After 16 hours at 1.5 GPa, nitroso acetals 13a, 13b, 14a, and 14b 
were obtained in a yield of 64% in a ratio of 2/1/2/1 respectively. The stereochemistry of nitroso 
acetal 13a was assigned by using 2D-NOESY analysis. The stereochemistry of the other nitroso 
acetals 13b, 14a and 14b was determined by comparison of the coupling constants and chemical 
shifts of the protons at the stereocenters with similar nitroso acetals.8 The stereochemistry of the 
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nitroso acetals is a result of an endo selective (4+2) cycloaddition reaction in which β-nitrostyrene 
approaches the enol ether 12 with a facial selectivity syn/anti : 2/1 (syn and anti with respect to the 
N-phenylmaleimide group). Next, β-nitrostyrene reacts with complete facial selectivity (anti with 
respect to the phenyl group) and with a regioselectivity of 1/1 with the nitronate dipole. The nitroso 
acetals 13a and 13b are formed by an exo transition state in the (3+2) cycloaddition addition, and 
the nitroso acetals 14a and 14b are formed by an endo transition state. Whereas the 
(4+2)/(4+2)/(3+2) cycloaddition reaction using 2-methoxybuta-1,3-diene and three equivalents of 
β-nitrostyrene required 50 oC (Scheme 2.2), compounds 13 and 14 were prepared at room 
temperature. 
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Scheme 2.5 Conversion of 1, 2, and 10 to 13a, 13b, 14a, and 14b. Conditions: CH2Cl2, 1.5 GPa, rt, 16 h, 64% 
 
Next, it was investigated whether N-phenylmaleimide could be used both as dienophile in the first 
(4+2) cycloaddition and as dipolarophile in the 1,3-dipolar cycloaddition reaction. Reacting a 
mixture of 2-methoxybuta-1,3-diene, one equivalent of β-nitrostyrene and two equivalents of N-
phenylmaleimide at 1.5 GPa and room temperature resulted in the formation of two diastereomeric 
nitroso acetals 15a and 15b in a yield of 84% and in a ratio of 2/1 (Scheme 2.6).  
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Scheme 2.6 Conversion of 1, 2, and 10 to 15a, and  15b. Conditions: CH2Cl2, 1.5 GPa, rt, 42 h, 84% 
 
The configurations of 15a and 15b were determined using 2D-NOESY analysis. The 
stereochemistry of 15a was confirmed by X-ray structure analysis (Figure 2.2).9  
 
Chapter 2 
 14 
 
Figure 2.2 PLATON10 drawing of nitroso acetal 15a.  
 
2.2.3 Nitroalkenes 
 
After successfully using N-phenylmaleimide in the (4+2)/(4+2)/(3+2) cycloaddition reaction, it was 
attempted to perform the (4+2)/(4+2)/(3+2) cycloaddition using four different components (Scheme 
2.7). Reaction of 2-methoxybuta-1,3-diene, N-phenylmaleimide, β-nitrostyrene, and styrene at 1.5 
GPa and room temperature gave the diastereomeric nitroso acetals 16a and 16b in a yield of 83% 
and in a ratio of 2/1. The stereochemistry of nitroso acetal 16b was determined using X-ray 
crystallography (Figure 2.3). The stereochemistry of nitroso acetal 16a was assigned by comparison 
of the coupling constants and the chemical shifts of all the protons at the stereocenters with 
compounds 15a and 16b.11 
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Scheme 2.7 Conversion of 1, 2, 10, and styrene to 16a, and 16b. Conditions: CH2Cl2, 1.5 GPa, rt, 16 h, 83%. 
 
 
Figure 2.3 PLATON10 drawing of compound 16b. 
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After the successful application of four different building blocks in the (4+2)/(4+2)/(3+2) 
cycloaddition reaction, further experiments were carried out using nitroalkenes 17 and 18 (Table 
2.1). The cycloaddition reactions were performed by reaction of one equivalent of 3-methyl-1-
nitrobut-1-ene (17) or 1-nitrobut-1-ene (18) with one equivalent of N-phenylmaleimide, one 
equivalent of 2-methoxybuta-1,3-diene, and an excess of styrene at 1.5 GPa and room temperature. 
 
Table 2.1 Conversion of 1, 10, styrene, and 2, 17, or 18, to compounds 16, 19, or 20 respectively. 
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16: R = Ph
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 Nitroalkene Yield (%)of 21 Product Yield (%)a 
1 17 50a 19 18 
2 18 25b 20 52 
3 2 - 16 83 
a Isolated yield. b Based on 1H-NMR of crude product. 
 
Using 3-methyl-1-nitrobut-1-ene (17), nitroso acetal 19 was isolated in 18% as a mixture of 
diastereoisomers in a ratio of 8/1 (entry 1). In addition to the nitroso acetal 19 the enol ether 21 was 
isolated in 50%. With 1-nitrobut-1-ene (18), enol ether 21 was formed in 25%. Nitroso acetal 20 
was isolated in a yield of 52% as a mixture of two diastereoisomers 20a and 20b in a ratio of 3/2 
(entry 2). The stereochemistry of nitroso acetal 20b was elucidated using X-ray analysis (Figure 
2.4). 
 
 
Figure 2.4 PLATON10 drawing of nitroso acetal 20b. 
 
Whereas enol ether 21 was formed as by-product in the reactions with nitroalkenes 17 and 18, this 
enol ether was not found in the reaction with β-nitrostyrene (entry 3). Interestingly, it was found 
that enol ether 12 (Scheme 2.4) gave full conversion to compound 21 upon standing at 1.5 GPa and 
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room temperature within 21 hours. Thus, upon application of nitroalkenes 17 and 18, isomerization 
of intermediate 12 to compound 21 competes with the inverse electron demand Diels-Alder reaction 
of 12 with the nitroalkene, and as a consequence the yield of the (4+2)/(4+2)/(3+2) cycloaddition 
reaction is lower.  
 
2.2.4 Dienes 
 
To further extend the scope of the (4+2)/(4+2)/(3+2) cycloaddition reaction, some other dienes were 
investigated. For this purpose 2,3-dimethoxybuta-1,3-diene (22) and 2-trimethylsilyloxybuta-1,3-
diene (26) were selected.  
First, the (4+2)/(4+2)/(3+2) cycloaddition reaction with 2,3-dimethoxybuta-1,3-diene (22) was 
investigated (Scheme 2.8). Upon treatment of 2,3-dimethoxybuta-1,3-diene with N-
phenylmaleimide at 1.0 GPa and room temperature, compound 23 was obtained in quantitative 
yield. Next, cycloadduct 23 was reacted with one equivalent of β-nitrostyrene and one equivalent of 
N-phenylmaleimide at 1.5 GPa and room temperature. Whereas these conditions were sufficient for 
the synthesis of nitroso acetal 15 (Scheme 2.6), no reaction occurred using enol ether 23. When the 
reaction was repeated at 1.5 GPa and 50 oC, analysis of the crude reaction mixture indicated 36% 
conversion to the isomerized enol ethers 24a and 24b and 32% conversion to a mixture of two 
diastereomeric nitroso acetals 25a and 25b in a ratio of 2/1. The stereochemistry of nitroso acetal 
25a was assigned by comparison of the coupling constants and the chemical shifts of all protons 
with compound 15a and 15b.12 Most likely, compounds 24a and 24b are formed as a consequence 
of the low reactivity of the enol ether 23 thereby favoring isomerization of the double bond over a 
(4+2) cycloaddition reaction with β-nitrostyrene. 
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Scheme 2.8 Conversion of 2, 10, and 22 to 24 and 25. Reagents and conditions: a) CH2Cl2, 1.0 GPa, rt, 5 h, 100%; b) β-
nitrostyrene, N-phenylmaleimide, CH2Cl2, 1.5 GPa, 50 oC, 14 h. 
 
Next, the reactivity 2-trimethylsilyloxybuta-1,3-diene (26) was investigated. From a competition 
experiment it was found that 2-trimethylsilyloxybuta-1,3-diene was slightly less reactive than 2-
methoxybuta-1,3-diene towards β-nitrostyrene.13 The cyclic silyl enol ether 27 was prepared via a 
high-pressure promoted Diels-Alder reaction of β-nitrostyrene and 2-trimethylsilyloxybuta-1,3-
diene (Scheme 2.9). Next, cycloadduct 27 was used in a high-pressure promoted (4+2)/(3+2) 
cycloaddition reaction with one equivalent of β-nitrostyrene and one equivalent of methyl acrylate. 
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Whereas at 1.5 GPa and room temperature no reaction occurred, at 1.5 GPa and 50 oC compound 27 
slowly decomposed. 
Contrary to this result, reaction of silyl enol ether 2919 with β-nitrostyrene and methyl acrylate 
yielded the nitroso acetal 30 in 65% as a mixture of four diastereoisomers in a ratio of 7.2/1.4/1.4/1 
(Scheme 2.9).14 Clearly, the reactivity of 6-membered cyclic (silyl) enol ethers such as 27 and 29 is 
influence by substituents on the 6-membered ring.  
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Scheme 2.9 Conversion of 26, and 2 to 27 and preparation of 30 from 29, 2, and methyl acrylate. Conditions: a) 
CH2Cl2, 1.5 GPa, rt, 2.5 h; b) CH2Cl2, 1.5 GPa, rt. 
 
Because of the high reactivity of enol ether 12 (Scheme 2.4) as compared with enol ether 3 (Scheme 
2.2), the (4+2)/(4+2)/(3+2) cycloaddition reaction using 2-trimethylsilyloxybuta-1,3-diene and N-
phenylmaleimide was investigated. A solution of 2-trimethylsilyloxybuta-1,3-diene, N-
phenylmaleimide, β-nitrostyrene and methyl acrylate in dichloromethane was reacted at 1.5 GPa at 
room temperature to obtain the nitroso acetals 31 in a yield of 41% as a mixture of three 
diastereoisomers in a ratio of 7.5/2.5/1 (Scheme 2.10). 
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Scheme 2.10 Conversion of 26, 2, 10, and methyl acrylate to 31. Conditions: CH2Cl2, 1.5 GPa, rt, 40 h, 41%. 
 
2.3 Conclusions 
 
The scope of the high pressure promoted (4+2)/(4+2)/(3+2) cycloaddition reaction of an electron 
rich diene with a dienophile, a nitroalkene and a dipolarophile to give tri, tetra and pentacyclic 
nitroso acetals was studied. It was demonstrated that different dipolarophiles can be applied in the 
final (3+2) cycloaddition step. To prevent side-reactions, the choice of dienophiles in the first 
(4+2) cycloaddition reaction is limited to those dienophiles that are significantly more reactive 
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than the nitroalkene that is used in the reaction. It was found that N-phenylmaleimide meets this 
requirement and a series of multicyclic nitroso acetals was prepared.  
The (4+2)/(4+2)/(3+2) cycloaddition reaction was also successful when four different components 
were applied, resulting in the formation of the highly functional nitroso acetals 16a and 16b in 
good yield and in good stereoselectivity (Scheme 2.7).  
At the expense of the formation of a by product, resulting from the isomerization of the 
intermediate (4+2) cycloadduct, it was showed that 1-nitro-2-alkylethenes can participate in the 
(4+2)/(4+2)/(3+2) cycloaddition reaction.  
Although, in comparison with 2-methoxybuta-1,3-diene, 2,3-dimethoxybuta-1,3-diene (22) and 2-
trimethylsilyloxybuta-1,3-diene (26) are i) prone to give side-products, and ii) exhibit little 
reactivity, it was possible to use these dienes in the preparation of certain (4+2)/(4+2)/(3+2) 
cycloadducts. 
 
2.4 Acknowledgements 
 
Dr. René de Gelder is acknowledged for the structure elucidation of compounds 15a, 16b, and 20b 
by X-ray diffraction. 
 
2.5 Experimental section 
 
General remarks: 1H-NMR and 13C-NMR spectra were recorded on a Bruker DPX-200, a Bruker AC-300, or a Bruker 
DMX-300. 2D-NMR experiments (NOESY, COSY) were performed on a Varian Unity Inova 400 spectrometer. All 
NMR spectra were recorded at 298 K using CDCl3 as solvent, unless stated otherwise. Chemical shifts are reported in 
parts per million downfield relative to tetramethylsilane (0.00) for 1H-NMR and relative to CDCl3 (77.16) for 13C-NMR 
spectra. Coupling constants (J) are given in Hertz (Hz). Mass spectra were recorded on a VG7070E double-focusing 
mass spectrometer using EI and CI modes. IR spectra were recorded on an Anadis Thermo Mattson IR300 spectrometer. 
Elemental analysis was carried out on a Carlo Erba Instruments CHNSO EA 1108 element analyzer. Thin layer 
chromatography (TLC) was carried out on Merck precoated silica gel 60 F-254 plates. Spots were visualized with UV 
or by dipping the TLC plate into a 6.2% aqueous sulfuric acid solution containing ammonium molybdate (42 g/L) and 
ceric ammonium sulfate (3.6 g/L) followed by charring. Optical rotations were measured on a Perkin-Elmer 241 
polarimeter, using concentrations (c) in g/100 mL using dichloromethane as solvent. Column chromatography was 
carried out with Acros silica gel (0.035-0.070 mm). Solid-phase extraction were performed using Argonaut isolute® 
SCX-2 columns. Melting points were determined on a Buchi B-545 melting point apparatus and are uncorrected. High 
pressure reactions were performed using the equipment as reported by Aben. 15  When necessary, reactions were 
performed under standard Schlenk conditions. Most commercially available solvents and reagents were used as received. 
Ethyl acetate and heptane were distilled prior to use. Potassium tert-butoxide was freshly prepared by reaction of 
potassium metal with tert-butanol followed by evaporation of the solvent. Tetrahydrofuran was dried by distillation 
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from sodium and benzophenone. Raney® 2800 nickel was purchased from Aldrich and was extensively washed with 
methanol prior to use.  
 
Literature preparations: the following compounds were prepared according to literature procedures: 2-methoxybuta-
1,3-diene (1), 16  E-1-nitro-2-phenylethene (2), 17  2-trimethylsilyloxybuta-1,3-diene (26), 18  and 1-
trimethylsilyloxycyclohex-1-ene (29).19 Methyl (E)-2-cyanobut-2-enoate (9) was prepared according to the procedure 
described in chapter 5. 
 
3-Methyl-1-nitrobut-1-ene (17): a three necked flask (500 mL) was loaded with a solution of nitromethane (27.0 mL, 
495 mmol), isobutyraldehyde (42.8 mL, 469 mmol) and methanol (125 mL). The reaction mixture was cooled to 5 o C 
and was kept homogeneous using mechanical stirring. Gradually a solution of sodium hydroxide (20.8 g, 520 mmol) in 
water (30 mL) was added at such a rate to maintain the temperature below 10 oC. After 1.5 h, water (250 mL) was 
added to the reaction mixture to dissolve the white precipitate. At 0 oC, the reaction mixture was added dropwise (0.5 h) 
to an aqueous 6 M solution of hydrochloric acid (200 mL). The resulting solution was extracted three times with 
dichloromethane. The combined extracts were dried (sodium sulfate), filtered, and the solvent was removed by careful 
rotary evaporation. The crude product was distilled (63 oC at 13 torr) to obtain nitroalkene 17 (28.0 g, 52%) as a yellow 
oil. 1H-NMR (300 MHz) δ 1.15 (d, 6H, J = 6.9), 2.53-2.65 (ddq, 1H, J = 1.5, 6.9, 6.9), 6.94 (dd, 1H, J = 1.5, 13.5), 7.25 
(dd, 1H, J = 6.9, 13.5).20  
 
1-Nitrobut-1-ene (18): prepared following the same procedure as for 3-methyl-1-nitrobut-1-ene using 27.0 mL 
nitromethane, 34.0 mL of propionaldehyde, 50 mL of methanol, and 19.8 g sodium hydroxide in 30 mL water. After the 
reaction, dichloromethane was removed by distillation at atmospheric pressure. The crude product was purified by 
vacuum distillation (55 oC at 13 torr) to obtain 1-nitrobut-1-ene (9.19 g, 19%) as a yellow oil. 1H-NMR (200 MHz) δ 
1.15 (t, 3H, J = 7.4), 2.33 (dq, 2H, J = 7.4, 7.4), 6.98 (d, 1H, J = 13.5), 7.27-7.42 (m, 1H).21 
 
Methyl 8a-methoxy-6-nitro-4,7-diphenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazine-2-carboxylate (7): 2-
methoxybuta-1,3-diene (321 mg, 3.82 mmol), β-nitrostyrene (1.05 g, 7.05 mmol), methyl acrylate (655 µL, 7.27 mmol), 
and 5-tert-butyl-4-hydroxy-2-methylphenylsulfide (10 mg) were placed in a 7.5 mL Telfon® tube at 1.5 GPa for 16 h at 
50 oC using dichloromethane as solvent. The reaction mixture was evaporated to dryness and purified using column 
chromatography (EtOAc/heptane : 2/5) to obtain the nitroso acetal 7 (1.16 g, 71%) as a mixture of four diastereoisomers 
7a, 7b, 7c, and 7d in a ratio of 2.8/2.7/1.8/1 respectively. To separate the diastereoisomers the product was again 
subjected to column chromatography (EtOAc/heptane : 1/7). Diastereoisomer 7a was crystallized from 
dichloromethane/diisopropyl ether. The diastereoisomers 7c and 7d were further purified by crystallization from ethyl 
acetate/heptane.  
 
7a: 1H-NMR (300 MHz) δ 1.73 (ddd, 1H, J = 1.8, 3.9, 13.8), 1.85 (dd, 1H, J = 13.8, 14.7), 2.20-2.33 (m, 2H), 2.47 (ddd, 
1H, J = 9.9, 9.9, 12.1), 2.58 (ddd, 1H, J = 3.9, 7.8, 12.1), 2.84 (dd, 1H, J = 6.8, 13.4), 2.90-2.99 (m, 1H), 3.28 (ddd, 1H, 
J = 3.5, 11.1, 14.3), 3.51 (s, 3H), 3.72 (s, 3H), 3.85-3.90 (ddd, 1H, J = 6.8, 7.8, 9.9), 4.57 (ddd, 1H, J = 3.6, 11.3, 12.7), 
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5.11 (dd, 1H, J = 3.9, 9.9), 7.16-7.45 (m, 10H). 13C-NMR (75 MHz) δ 28.7, 33.4, 35.6, 40.6, 43.4, 48.4, 49.1, 52.6, 76.5, 
81.1, 86.4, 101.8, 127.0, 127.9, 128.0, 128.1, 128.9, 129.6, 138.6, 139.0, 170.2.  
 
7b: Mp (EtOAc/heptane) 75 oC. Rf (EtOAc/heptane : 2/5) = 0.29. 1H-NMR (300 MHz) δ 1.77-1.93 (m, 2H), 1.93-2.05 
(m, 1H), 2.08-2.19 (m, 1H), 2.32 (dd, 1H, J = 8.4, 14.7), 2.43-2.64 (m, 3H), 2.74-2.86 (m, 1H), 3.15 (s, 3H), 3.56-3.68 
(m, 1H), 3.74 (s, 3H), 3.85-3.96 (m, 1H), 5.04-5.19 (m, 2H), 7.16-7.50 (m, 10H). 13C-NMR (75 MHz) δ 33.2, 33.5, 35.9, 
41.8, 42.4, 49.1, 49.6, 52.6, 72.8, 80.3, 85.7, 102.3, 127.2, 127.5, 127.6, 128.1, 128.9, 129.1, 140.2, 140.5, 170.2. 
 
7c: Mp (EtOAc/heptane) 83 oC. Rf (EtOAc/heptane : 2/5) = 0.25. 1H-NMR (300 MHz) δ 1.90 (dd, 1H, J = 7.2, 14.6), 
1.97-2.08 (m, 1H), 2.13-2.33 (m, 1H), 2.28 (dd, 1H, J = 7.2, 14.6), 2.36-2.47 (m, 1H), 2.59 (ddd, 1H, J = 9.1, 9.1, 12.5), 
2.80 (ddd, 1H, J = 5.8, 8.7, 12.5), 2.94 (dd, 1H, J = 5.6, 8.6), 3.17 (s, 3H), 3.54 (ddd, 1H, J = 7.2, 7.2, 11.0), 3.82 (s, 
3H), 3.80-3.93 (m, 1H), 4.81 (dd, 1H, J = 5.7, 9.1), 5.06 (ddd, 1H, J = 3.9, 11.0, 11.0), 7.15-7.43 (m, 15H). HRMS 
calcd for C25H28N2O7 [M]+ 468.1897, found 468.1895. Anal. C25H28N2O7 (468.5): calcd C 64.09, H 6.02, N 5.98; found 
C 64.55, H 6.04, N 5.93. 
 
7d: Rf (EtOAc/heptane : 2/5) = 0.20. 1H-NMR (300 MHz) δ 1.70-1.85 (m, 2H), 2.16-2.32 (m, 2H), 2.54-2.67 (m, 2H), 
2.83-2.99 (m, 2H), 3.18-3.32 (m, 1H), 3.50 (s, 3H), 3.77 (s, 3H), 3.78-3.89 (m, 1H), 4.53-4.64 (m, 1H), 4.80 (dd, 1H, J 
= 8.2, 8.2), 7.15-7.50 (m, 10H). 
 
8a-Methoxy-6-nitro-2,4,7-triphenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazine (8): 2-methoxybuta-1,3-diene 
(303 mg, 3.60 mmol), β-nitrostyrene (1.06 g, 7.09 mmol), styrene (1.24 mL, 10.8 mmol), and 5-tert-butyl-4-hydroxy-2-
methylphenylsulfide (10 mg) were placed in a 7.5 mL Telfon® tube at 1.5 GPa for 40 h at 50 oC using chloroform as 
solvent. The reaction mixture was evaporated to dryness and purified using column chromatography (EtOAc/heptane : 
1/7) to obtain the nitroso acetal 8 (1.10 g, 62%) as a mixture of three diastereoisomers 8a, 8b, and 8c in a ratio of 
4.5/3.6/1. The mixture of diastereoisomers was analyzed with mass spectrometry and elemental analysis. MS (EI) m/e 
(relative intensity) 486 (M+, 0.9), 454 (61), 91(100). C29H30N2O5 (486.6): calcd. C 71.59, H 6.21, N 5.76; found C 71.45, 
H 6.07, N 5.69. 
Further separation of the diastereoisomers was achieved using flash chromatography (EtOAc/heptane : 1/7) to give a 
fraction containing 90% pure isomer 8a and a fraction containing isomer 8b. The nitroso acetal 8b was crystallized 
from CH2Cl2/diisopropyl ether to give long white needles. 
 
8a: 1H-NMR (300 MHz) δ 1.77-1.93 (m, 1H), 2.02-2.17 (m, 2H), 2.25-2.43 (m, 2H), 2.49-2.68 (m, 2H), 2.85 (dd, 1H, J 
= 6.9, 10.2), 3.16 (s, 3H), 3.63-3.75 (m, 1H), 4.06 (ddd, 1H, J = 8.1, 8.1, 8.1), 5.18 (ddd, 1H, J = 3.6, 11.1, 11.1), 5.71 
(dd, 1H, J = 6.3, 8.7), 7.19-7.41 (m, 15H). 13C-NMR (75 MHz) δ 32.8, 33.1, 40.4, 41.7, 42.6, 49.1, 50.2, 74.5, 84.6, 
85.5, 102.1, 126.4, 127.3, 127.4, 127.6, 128.1, 128.3, 128.6, 128.9, 129.0, 139.1, 140.4, 140.5. 
 
8b: Mp (CH2Cl2/diisopropyl ether) 209 oC. 1H-NMR (300 MHz) δ 1.77 (ddd, 1H, J = 1.8, 3.9, 13.8), 1.93 (dd, 1H, J = 
13.5, 14.7), 2.23-2.41 (m, 3H), 2.52-2.64 (m, 1H), 2.85-3.04 (m, 2H), 3.25-3.35 (m, 1H), 3.54 (s, 3H), 3.97-4.08 (m, 
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1H), 4.59 (ddd, 1H, J = 3.3, 12.6, 12.6), 5.73 (dd, 1H, J = 5.4, 9.0), 7.20-7.45 (m, 15H). 13C-NMR (75 MHz) δ 28.8, 
33.2, 40.1, 40.8, 43.4, 49.01, 49.05, 77.8, 85.3, 86.6, 101.6, 126.2, 127.0, 127.9, 128.0, 128.2, 128.5, 129.0, 129.6, 
138.8, 139.3, 139.5.  
 
Competition experiment between dienophile, β-nitrostyrene and 2-methoxybuta-1,3-diene: 2-methoxybuta-1,3-
diene (126 mg, 1.50 mmol), β-nitrostyrene (223 mg, 1.50 mmol), dienophile (1.50 mmol), and 5-tert-butyl-4-hydroxy-
2-methylphenylsulfide (10 mg) were placed in a 7.5 mL Telfon® tube at 1.5 GPa for 16 h at room temperature using 
dichloromethane as solvent. After depressurizing, the reactions were analyzed with GC and/or 1H-NMR. 
 
(±)-(3aS,7aR)-5-methoxy-2-phenyl-2,3,3a,4,7,7a-hexahydro-1H-isoindole-1,3-dione (12): 1H-NMR (300 MHz) δ 
2.27-2.56 (m, 2H), 2.66-2.82 (m, 2H), 3.20 (ddd, 1H, J = 4.0, 9.9, 13.7), 3.32 (ddd, 1H, J = 4.0, 11.0, 13.7), 3.62 (s, 3H), 
4.62-4.73 (m, 1H), 7.17-7.29 (m, 2H), 7.32-7.52 (m, 3H). 
 
Preparation of nitroso acetals 13a, 13b, 14a and 14b: 2-methoxybuta-1,3-diene (306 mg, 3.64 mmol), N-
phenylmaleimide (630 mg, 3.64 mmol), and β-nitrostyrene (1.36 g, 9.10 mmol) were placed in a 7.5 mL Telfon® tube at 
1.5 GPa for 16 h at room temperature using dichloromethane as solvent. The reaction mixture was evaporated to 
dryness and purified using column chromatography (EtOAc/heptane : 2/5) to obtain a fraction containing 13a and 14b 
(649 mg, 32%) in a ratio of 2/1 respectively and a fraction containing 13b and 14a (644 g, 32%) in a ratio of 1/2 
respectively. The products 13a and 14b were further separated using column chromatography (THF/petroleum ether : 
1/3). The products 13b and 14a were also further separated by column chromatography (THF/heptane : 1/3). Analytical 
samples of the nitroso acetals 13a, 13b, and 14b were obtained by crystallized from dichloromethane/diisopropyl ether. 
An analytical sample of compound 14a was obtained by crystallization from ethyl acetate/heptane. 
 
(±)-(2S,3S,3aR,4S,4aR,5aR,8aS,9aR)-9a-Methoxy-2-nitro-3,4,7-triphenylperhydroisoxazolo[2’,3’:2,3][1,2]oxazino 
[5,6-f]isoindole-6,8-dione (13a): Mp (CH2Cl2/diisopropyl ether) 193 oC. 1H-NMR (300 MHz) δ 0.60 (ddd, 1H, J = 11.1, 
13.8, 13.8), 1.25 (dd, 1H, J = 12.0, 14.4), 1.65 (ddd, 1H, J = 4.5, 6.9, 13.8), 2.13 (dd, 1H, J = 9.0, 12.3), 2.36 (ddd, 1H, 
J = 6.9, 12.3, 12.3), 2.50 (dd, 1H, J = 7.2, 14.4), 2.88-3.13 (m, 2H), 3.51 (s, 3H), 3.99 (dd, 1H, J = 1.1, 8.1), 4.35 (dd, 
1H, J = 8.1, 9.0), 6.30 (d, 1H, J = 1.1), 6.84-7.00 (m, 2H), 7.13-7.49 (m, 13H). 13C-NMR (75 MHz) δ 22.4, 28.6, 37.1, 
38.5, 42.8, 45.1, 49.5, 56.5, 73.9, 103.0, 113.7, 126.2, 128.2, 128.6, 128.9, 129.0, 129.1, 129.3, 131.4, 134.3, 137.4, 
177.60, 177.63. HRMS calcd for C31H29N2O5 [M-NO2]+ 509.2076, found 509.2069. 
 
(±)-(2S,3S,3aR,4S,4aR,5aS,8aR,9aR)-9a-Methoxy-2-nitro-3,4,7-triphenylperhydroisoxazolo[2’,3’:2,3][1,2]oxazino 
[5,6-f]isoindole-6,8-dione (13b): 1H-NMR (300 MHz) δ 0.98 (ddd, 1H, J = 5.7, 10.5, 14.7), 1.51 (dd, 1H, J = 6.9, 14.7), 
1.81 (ddd, 1H, J = 3.3, 7.2, 14.7), 2.20 (dd, 1H, J = 8.7, 12.3), 2.33-2.48 (m, 2H), 2.87 (ddd, 1H, J = 3.3, 5.7, 10.2), 2.95 
(ddd, 1H, J = 2.7, 6.9, 10.2), 3.26 (s, 3H), 4.01 (dd, 1H, J = 1.1, 8.3), 4.34 (dd, 1H, J = 8.3, 8.7), 6.28 (d, 1H, J = 1.1), 
6.90 (m, 2H), 7.18-7.53 (m, 13H). 13C-NMR (75 MHz) δ 24.5, 24.9, 36.8, 37.2, 41.1, 45.7, 50.4, 56.8, 73.8, 102.1, 
113.3, 126.3, 127.9, 128.3, 128.6, 128.7, 128.9, 129.0, 129.1, 132.0, 134.3, 137.5, 177.1, 177.6. 
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(±)-(2S,3S,3aR,4S,4aR,5aR,8aS,9aR)-9a-Methoxy-3-nitro-2,4,7-triphenylperhydroisoxazolo[2’,3’:2,3][1,2]oxazino 
[5,6-f]isoindole-6,8-dione (14a): 1H-NMR (300 MHz) δ 0.93 (ddd, 1H, J = 10.5, 14.0, 14.0), 1.72 (dd, 1H, J = 12.0, 
14.4), 1.82 (ddd, 1H, J = 4.5, 6.6, 14.0), 2.39-3.20 (m, 3H), 2.96-3.20 (m, 2H), 3.50 (s, 3H), 4.44 (dd, 1H, J = 8.1, 9.3), 
5.20 (dd, 1H, J = 6.6, 9.3), 6.42 (d, 1H, J = 6.6), 7.17-7.51 (m, 15H). 13C-NMR (75 MHz) δ 22.9, 29.0, 37.3, 38.6, 42.4, 
45.2, 49.3, 68.3, 77.2, 88.2, 93.9, 102.8, 126.4, 126.6, 128.2, 128.3, 128.7, 129.16, 129.17, 129.4, 129.7, 131.5, 134.2, 
137.8, 177.5, 177.8. 
 
(±)-(2S,3S,3aR,4S,4aR,5aS,8aR,9aR)-9a-Methoxy-3-nitro-2,4,7-triphenylperhydroisoxazolo[2’,3’:2,3][1,2]oxazino 
[5,6-f]isoindole-6,8-dione (14b): Mp (CH2Cl2/diisopropyl ether) 197 oC. 1H-NMR (300 MHz) δ 1.25 (ddd, 1H, J = 6.0, 
9.9, 14.7), 1.91 (dd, 1H, J = 7.0, 14.4), 1.98 (ddd, 1H, J = 3.6, 6.9, 14.7), 2.45-2.66 (m, 3H), 3.04 (ddd, 1H, J = 3.6, 6.0, 
10.0), 3.17 (ddd, 1H, J = 2.4, 7.2, 10.0), 3.22 (s, 3H), 4.46 (dd, 1H, J = 7.8, 9.3), 5.21 (dd, 1H, J = 6.6, 9.3), 6.39 (d, 1H, 
J = 6.6), 7.22-7.52 (m, 15H). 13C-NMR (75 MHz) δ 24.5, 24.9, 36.9, 37.1, 40.7, 45.7, 50.2, 77.1, 88.2, 94.1, 102.1, 
126.5, 126.6, 128.2, 128.4, 128.5., 129.1, 129.2, 129.4, 129.8, 132.3, 134.1, 138.0, 177.6, 178.1. HRMS calcd for 
C31H29N3O7 555.2005, found 555.2007. 
 
Preparation of nitroso acetals 15a and 15b: 2-methoxybuta-1,3-diene (242 mg, 2.88 mmol), N-phenylmaleimide 
(1.00 g, 5.79 mmol), β-nitrostyrene (432 mg, 2.90 mmol), and 5-tert-butyl-4-hydroxy-2-methylphenylsulfide (10 mg) 
were placed in a 7.5 mL Telfon® tube at 1.5 GPa for 42 h at room temperature using dichloromethane as solvent. The 
reaction mixture was evaporated to dryness and purified using column chromatography (EtOAc/heptane : 1/1) to obtain 
nitroso acetals 15a and 15b (1.41 g, 84%) in a ratio of 2/1 respectively. Analytical sample of 15a was obtained by 
crystallization from ethanol/ethyl acetate/heptane. Analytical sample of 15b was obtained by crystallization from ethyl 
acetate/heptane. 
 
(±)-(3aR,6aR,7aS,10aR,11aR,12S,12aR,12bS)-6a-Methoxy-2,9,12-triphenylperhydropyrrolo[3’’,4’’:4’,5’]isoxazolo 
[2’,3’:2,3][1,2]oxazino[5,6-f]isoindole-1,3,8,10-tetraone (15a): Mp (ethanol) 184-186°C. 1H-NMR (300 MHz) δ 0.91 
(ddd, 1H, J = 11.1, 13.8, 13.8), 1.48 (dd, 1H, J = 11.7, 14.1), 1.91 (ddd, 1H, J = 4.5, 6.9, 13.8), 2.43 (dd, 1H, J = 7.2, 
14.1), 2.52 (ddd, 1H, J = 6.9, 11.1, 11.1), 2.94-3.14 (m, 2H), 3.36 (dd, 1H, J = 7.2, 12.6), 3.46 (s, 3H), 3.70 (dd, 1H, J = 
8.1, 8.7), 4.04 (dd, 1H, J = 7.2, 8.7), 5.24 (d, 1H, J = 8.1), 7.16-7.57 (m, 15H). 13C-NMR (75 MHz) δ 23.1, 29.2, 37.3, 
38.5, 42.3, 43.4, 46.7, 49.5, 78.5, 82.6, 103.8, 126.0, 126.4, 128.0, 128.3, 128.7, 129.1, 129.2, 129.4, 129.5, 131.2, 
131.4, 139.2,  HRMS calcd for C33H29N3O7  579.2005, found 579.1999. 
 
(±)-(3aR,6aR,7aR,10aS,11aR,12S,12aR,12bS)-6a-Methoxy-2,9,12-triphenylperhydropyrrolo[3’’,4’’:4’,5’]isoxazolo 
[2’,3’:2,3][1,2]oxazino[5,6-f]isoindole-1,3,8,10-tetraone (15b): Mp (EtOAc/heptane) 205°C (dec). 1H-NMR (300 
MHz) δ 1.18-1.34 (m, 1H), 1.67 (dd, 1H, J = 6.6, 14.4), 2.07 (ddd, 1H, J = 3.3, 7.2, 14.7), 2.31-2.39 (m, 1H), 2.54-2.68 
(m, 1H), 2.94-3.10 (m, 2H), 3.21 (s, 3H), 3.44 (dd, 1H, J = 7.1, 12.6), 3.72 (dd, 1H, J = 8.0, 8.7), 4.04 (dd, 1H, J = 7.1, 
8.7), 5.24 (d, 1H, J = 8.0), 7.23-7.62 (m, 15H). 13C-NMR (75 MHz) δ 24.6, 25.4, 36.9, 37.1, 40.4, 43.4, 46.8, 50.3, 78.6, 
82.5, 103.1, 126.1, 126.4, 127.9, 128.46, 128.53, 129.1, 129.2, 129.4, 129.6, 131.3, 132.2, 139.5, 172.0, 173.8, 177.5, 
178.1. HRMS calcd for C33H29N3O7  579.2005, found 579.2005. 
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Preparation of nitroso acetals 16a and 16b: 2-methoxybuta-1,3-diene (303 mg, 3.60 mmol), N-phenylmaleimide (593 
mg, 3.42 mmol), β-nitrostyrene (484 mg, 3.24 mmol), and styrene (1.24 mL, 10.8 mmol) were placed in a 7.5 mL 
Telfon® tube at 1.5 GPa for 16 h at room temperature using dichloromethane as solvent. The reaction mixture was 
evaporated to dryness and purified using flash chromatography (EtOAc/heptane : 2/5) to obtain the nitroso acetals 16a 
and 16b (1.37 g, 83%) in a ratio of 2/1 respectively. Analytical samples of the nitroso acetals 16a and 16b were 
obtained by crystallization from dichloromethane/cyclohexane. 
 
(±)-(2S,3aR,4S,4aR,5aR,8aS,9aR)-9a-Methoxy-2,4,7-triphenylperhydroisoxazolo[2’,3’:2,3][1,2]oxazino[5,6-
f]isoindole-6,8-dione (16a): Mp (CH2Cl2/cyclohexane) 151 °C. Rf (EtOAc/heptane : 2/5) = 0.13. 1H-NMR (300 MHz) δ 
0.94 (ddd, 1H, J = 11.1, 13.8, 13.8), 1.72 (dd, 1H, J = 12.0, 14.4), 1.90 (ddd, 1H, J = 4.5, 6.6, 13.8), 2.25 (ddd, 1H, J = 
6.9, 8.9, 12.0), 2.40-2.65 (m, 4H), 2.99-3.22 (m, 2H), 3.50 (s, 3H), 4.04 (ddd, 1H, J = 6.9, 8.9, 8.9), 5.69 (dd, 1H, J = 
7.2, 8.4), 7.18-7.52 (m, 15H). 13C-NMR (75 MHz) δ 23.4, 28.9, 37.4, 38.8, 40.8, 42.8, 49.3, 51.7, 75.9, 84.7, 102.3, 
126.1, 126.2, 127.5, 127.9, 128.0, 128.3, 128.4, 128.9, 129.0, 131.4, 138.6, 139.0, 177.5, 177.7. MS-CI (rel. int.) m/z: 
539 ([M+C2H5]+,4.37), 479 ([M-OCH3]+, 100). 
 
(±)-(2S,3aR,4S,4aR,5aS,8aR,9aR)-9a-Methoxy-2,4,7-triphenylperhydroisoxazolo[2’,3’:2,3][1,2]oxazino[5,6-
f]isoindole-6,8-dione (16b): Mp (CH2Cl2/cyclohexane) 160 °C. Rf (EtOAc/heptane : 2/5) = 0.07. 1H-NMR (300 MHz) 
δ 1.23 (ddd, 1H, J = 5.7, 10.8, 14.7), 1.86 (dd, 1H, J = 6.9, 14.4), 2.05 (ddd, 1H, J = 3.0, 6.9, 14.7), 2.25 (ddd, 1H, J = 
7.8, 9.2, 12.3), 2.42-2.70 (m, 4H), 3.04 (ddd, 1H, J = 3.0, 5.7, 10.2), 3.15 (ddd, 1H, J = 2.1, 6.9, 10.2), 3.24 (s, 3H), 4.06 
(ddd, 1H, J = 6.3, 9.2, 9.2), 5.67 (dd, 1H, J = 7.8, 7.8), 7.21-7.51 (m, 15H). 13C-NMR (75 MHz) δ 24.7, 24.9, 37.0, 37.4, 
40.89, 40.92, 50.1, 52.3, 75.9, 84.6, 101.7, 126.55, 126.62, 127.7, 128.31, 128.33, 128.49, 128.55, 129.1, 129.2, 132.4, 
138.6, 139.5, 177.9, 178.4. MS-EI (rel. int.) m/z: 511 (0.01), 510 ([M]+,0.03), 478 ([M-MeOH]+, 0.69). Anal. 
C31H30N2O5 · ¾ C6H12: calcd C 74.34, H 6.87, N 4.87; found C 74.30, H 6.79, N 4.65.  
 
4-Isopropyl-9a-methoxy-2,7-diphenylperhydroisoxazole[2’,3’:2,3][1,2]oxazino[5,6-f]isoindole-6,8-dione (19): 2-
methoxybuta-1,3-diene (303 mg, 3.60 mmol), N-phenylmaleimide (593 mg, 3.42 mmol), 3-Methyl-1-nitrobut-1-ene 
(373 mg, 3.24 mmol), and styrene (1.24 mL, 10.8 mmol) were placed in a 7.5 mL Teflon® tube at 1.5 GPa and room 
temperature for 16 h using dichloromethane as solvent. The reaction mixture was evaporated in vacuo and the crude 
product was purified using column chromatography (EtOAc/heptane : 2/5) to obtain the enol ether 21 (420 mg, 50%) 
and the nitroso acetals 19a and 19b (282 mg, 18%) as a mixture of two diastereoisomers in a ratio of 8/1. The nitroso 
acetal 19a was further purified by crystallization from dichloromethane/cyclohexane to give small white crystals. 
 
19a: Mp (CH2Cl2/cyclohexane) 197 oC. Rf (EtOAc/heptane : 2/5) = 0.16. 1H-NMR (300 MHz) δ 0.96 (d, 3H, J = 6.6), 
1.01 (d, 3H, J = 6.6), 1.65-1.94 (m, 4H), 1.97-2.17 (m, 2H), 2.37 (ddd, 1H, J = 5.0, 8.7, 12.0), 2.52 (ddd, 1H, J = 9.3, 
9.3, 12.0), 3.00 (ddd, 1H, J = 7.5, 7.5, 15.3), 3.13-3.25 (m, 2H), 3.38 (s, 3H), 3.69 (ddd, 1H, J = 6.9, 8.7, 9.3), 5.67 (dd, 
1H, J = 5.0, 9.3), 7.24-7.51 (m, 10H). 13C-NMR (75 MHz) δ 15.2, 21.4, 22.5, 27.1, 27.2, 38.4, 38.6, 42.8, 46.0, 48.9, 
69.2, 85.0, 101.7, 126.2, 126.3, 128.1, 128.4, 128.6, 129.1, 132.0, 140.2, 176.5, 178.2. HRMS calcd for 
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C28H32N2O5 476.2311, found 476.2306. C28H32N2O5 (476.6): calcd. C 70.57, H 6.77, N 5.88; found C 70.74, H 6.57, N 
5.98. 
 
(±)-(3aR,7aS)-6-Methoxy-2-phenyl-2,3,3a,4,5,7a-hexahydro-1H-isoindole-1,3-dione (21): Rf (EtOAc/heptane : 2/5) 
= 0.24. 1H-NMR (300 MHz) δ 1.90-2.04 (m, 1H), 2.06-2.16 (m, 2H), 2.17-2.30 (m, 1H), 3.18 (ddd, 1H, J = 5.4, 5.4, 
8.4), 3.56 (s, 3H), 3.63 (ddd, 1H, J = 1.5, 4.2, 8.4), 4.81 (d, 1H, J = 4.2), 7.23-7.30 (m, 2H), 7.32-7.49 (m, 3H). 13C-
NMR (75 MHz) δ 21.8, 24.7, 39.0, 40.6, 54.4, 87.7, 126.3, 128.3, 129.0, 131.9, 158.5, 177.4, 177.8. 
 
Preparation of nitroso acetals 20a and 20b: 2-methoxybuta-1,3-diene (303 mg, 3.60 mmol), N-phenylmaleimide (588 
mg, 3.40 mmol), 1-nitrobut-1-ene (343 mg, 3.39 mmol), and styrene (1.24 mL, 10.8 mmol) were placed in a 7.5 mL 
Teflon® tube at 1.5 GPa and room temperature for 16 h using dichloromethane as solvent. The reaction mixture was 
evaporated in vacuo and the crude product was analyzed with 1H-NMR. NMR indicated 25% conversion to compound 
21. The crude product was purified using column chromatography (EtOAc/heptane : 2/5) to obtain the nitroso acetals 
20a and 20b (818 mg, 52%) in a ratio of 3/2. An analytical sample of the nitroso acetal 20b was obtained by 
crystallization from dichloromethane/ethyl acetate/heptane. 
 
20a: Rf (EtOAc/heptane : 2/5) = 0.07. 1H-NMR (200 MHz) δ 0.92 (m, 3H), 1.20-1.82 (m, 5H), 1.95-2.16 (m, 1H), 2.36-
2.66 (m, 4H), 3.04-3.26 (m, 2H), 3.15 (s, 3H), 3.56-3.74 (m, 1H), 5.61 (dd, 1H, J = 7.1, 8.2), 7.18-7.49 (m, 10H). 
 
(±)-(2S,3aR,4R,4aR,5aR,8aS,9aR)-4-Ethyl-9a-methoxy-2,7-diphenylperhydroisoxazole[2’,3’:2,3][1,2]oxazino[5,6-
f]isoindole-6,8-dione (20b): Mp (CH2Cl2/EtOAc/heptane) 206 oC. Rf (EtOAc/heptane : 2/5) = 0.13. 1H-NMR (300 
MHz) δ 0.91 (t, 3H, J = 7.2), 1.03-1.17 (m, 1H), 1.34-1.65 (m, 4H), 2.02 (ddd, 1H, J = 6.9, 6.9, 11.7), 2.33-2.53 (m, 
4H), 3.06-3.18 (m, 2H), 3.41 (s, 3H), 3.58-3.67 (m, 1H), 5.62 (dd, 1H, J = 6.6, 8.7), 7.22-7.49 (m, 10H). 13C-NMR (75 
MHz) δ 10.4, 23.4, 23.5, 28.9, 37.4, 38.8, 41.1, 42.4, 45.3, 49.1, 72.5, 84.8, 102.6, 126.1, 126.2, 128.0, 128.38, 128.39, 
128.9, 131.5, 139.4, 177.6, 178.0. HRMS calcd for M+H+ (C27H31N2O5): 463.2233 found 463.2228. C27H31N2O5 (462.6): 
calcd. C 70.11, H 6.54, N 6.06; found C 69.85, H 6.51, N 6.09. 
 
(±)-(3aR,7aS)-5,6-Dimethoxy-2-phenyl-2,3,3a,4,7,7a-hexahydro-1H-isoindole-1,3-dione (23): 2,3-dimethoxybuta-
1,3-diene (134 mg, 1.17 mmol) and N-phenylmaleimide (180 mg, 1.04 mmol) were placed in a 1.5 mL Teflon® tube at 
1.0 GPa and room temperature for 5 h using dichloromethane as solvent. The solvent was evaporated in vacuo to give 
the enol ether 23 (299 mg, 100%). 1H-NMR (300 MHz) δ 2.44-2.52 (m, 2H), 2.77-2.83 (m, 2H), 3.22-3.27 (m, 2H), 
3.56 (s, 6H), 7.18-7.27 (m, 2H), 7.32-7.49 (m, 3H). 
 
Preparation of compounds 24a, 24b, and 25: the enol ether 23 (299 mg, 1.04 mmol), β-nitrostyrene (155 mg, 1.04 
mmol), N-phenylmaleimide (180 mg, 1.04 mmol), and 5-tert-butyl-4-hydroxy-2-methylphenylsulfide (10 mg) were 
placed in a 7.5 mL Teflon® tube at 1.5 GPa and room temperature for 14 h using dichloromethane as solvent. According 
to NMR no reaction happened and the reaction was continued at 1.5 GPa and 50 oC for 14 h. NMR analysis of the crude 
reaction mixture indicated the formation of the enol ethers 24a and 24b (36% conversion) in a ratio of 1/1 and the 
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formation of nitroso acetal 25 (32% conversion) as a mixture of diastereoisomers in a ratio of 2/1. The crude product 
was purified using column chromatography (EtOAc/heptane : 2/5 + 1% Et3N) to give the enol ethers 24a and 24b, and 
the major nitroso acetal 25. An analytical sample of the nitroso acetal 25 was obtained by crystallization from 
CH2Cl2/diisopropyl ether.  
 
24a or 24b: Rf (EtOAc/heptane : 1/1 + 1% Et3N) = 0.42. 1H-NMR (300 MHz) δ 1.78 (ddd, 1H, J = 3.0, 12.0, 13.8), 2.53 
(ddd, 1H, J = 3.9, 6.0, 13.8), 3.37 (ddd, 1H, J = 6.0, 8.6, 12.0), 3.43 (s, 3H), 3.62 (s, 3H), 3.68 (dd, 1H, J = 3.8, 8.6), 
3.74 (dd, 1H, J = 3.0, 3.9), 4.98 (d, 1H, J = 3.8), 7.21-7.29 (m, 2H), 7.31-7.49 (m, 3H). 13C-NMR (75 MHz) δ 29.4, 35.5, 
40.4, 54.9, 57.7, 73.6, 89.6, 126.2, 128.4, 128.9, 131.6, 157.4, 176.1, 177.8. 
 
24a or 24b: Rf (EtOAc/heptane : 1/1 + 1% Et3N) = 0.33. 1H-NMR (300 MHz) δ 1.82 (ddd, 1H, J = 2.4, 7.5, 14.3), 2.84 
(ddd, 1H, J = 1.7, 3.0, 14.3), 3.11 (ddd, 1H, J = 1.7, 7.5, 9.0), 3.26 (s, 3H), 3.58 (s, 3H), 3.70 (dd, 1H, J = 6.0, 9.0), 3.75 
(ddd, 1H, J = 1.8, 2.4, 3.0), 4.91 (dd, 1H, J = 1.8, 6.0), 7.16-7.25 (m, 2H), 7.29-7.47 (m, 3H). 
 
(±)-(3aR,6aR,7aS,10aR,11aS,12S,12aR,12bS)-6a,11a-Dimethoxy-2,9,12-triphenylperhydropyrrolo[3’’,4’’:4’,5’] 
isoxazolo[2’,3’:2,3][1,2]oxazino[5,6-f]isoindole-1,3,8,10-tetraone (25a): Rf (EtOAc/heptane : 1/1 + 1% Et3N) = 0.24. 
1H-NMR (300 MHz) δ 1.85 (dd, 1H, J = 8.1, 14.1), 1.96 (dd, 1H, J = 11.7, 14.1), 2.08 (dd, 1H, J = 9.6, 14.1), 2.33 (dd, 
1H, J = 5.4, 14.1), 2.84 (ddd, 1H, J = 5.4, 9.3, 11.4), 3.17 (ddd, 1H, J = 8.1, 9.3, 9.6), 3.43 (s, 3H), 3.48 (s, 3H), 3.54 (d, 
1H, J = 7.5), 3.68 (dd, 1H, J = 8.1, 8.4), 4.17 (dd, 1H, J = 7.5, 8.4), 5.23 (d, 1H, J = 8.1), 7.13-7.20 (m, 2H), 7.21-7.27 
(m, 2H), 7.32-7.46 (m, 7H), 7.50-7.59 (m, 2H), 7.63-7.71 (m, 2H). 13C-NMR (75 MHz) δ 25.7, 31.9, 36.3, 37.7, 45.9, 
47.5, 49.7, 53.9, 76.1, 79.0, 82.4, 104.2, 126.0, 126.2, 128.1, 128.5, 128.6, 129.1, 129.3, 129.6, 130.3, 130.9, 131.3, 
136.4, 171.7, 174.2, 176.3, 176.9. HRMS calcd for C34H31N3O8 [M-Na]+ 632.2009, found 632.2029. 
 
(±)-(4S,5R)-4-Nitro-5-phenylcyclohex-1-enyl (1,1,1-trimethylsilyl) ether (27): 2-trimethylsilyloxybuta-1,3-diene 
(511 mg, 3.59 mmol), β-nitrostyrene (509 mg, 3.41 mmol), and 5-tert-butyl-4-hydroxy-2-methylphenylsulfide (10 mg) 
were placed in a 7.5 mL Teflon® tube at 1.5 GPa and room temperature for 2.5 h using dichloromethane as solvent. The 
solvent was evaporated and the crude silyl enol ether was used without purification in the next step. 1H-NMR (300 MHz) 
δ 0.10-0.32 (m, 9H), 2.37-2.46 (m, 2H), 2.64-2.88 (m, 2H), 3.55 (ddd, 1H, J = 7.5, 9.3, 10.8), 4.82-4.93 (m, 2H), 7.15-
7.44 (m, 5H). 
 
Preparation of nitroso acetal 30: 1-trimethylsilyloxycyclohex-1-ene (29) (597 mg, 3.51 mmol), β-nitrostyrene (473 
mg, 3.17 mmol), and methyl acrylate (630 µL, 6.99 mmol) were placed in a 7.5 mL Teflon® tube at 1.5 GPa and room 
temperature for 17 h using dichloromethane as solvent. The reaction mixture was evaporated to dryness and the crude 
product was purified with column chromatography (EtOAc/heptane : 1/10) to obtain the nitroso acetal 30 (933 mg, 65%) 
as a mixture of diastereoisomers in a ratio of 7.2/1.4/1.4/1. The spectroscopic data of the major diastereoisomer was in 
accordance with the literature.14 
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Methyl 6,8-dioxo-4,7-diphenyl-9a-[(1,1,1-trimethylsilyl)oxy]perhydroisoxazole[2’,3’:2,3][1,2]oxazino [5,6-f] 
isoindole-2-carboxylate (31): 2-trimethylsilyloxybuta-1,3-diene (512 mg, 3.60 mmol), N-phenylmaleimide (593 mg, 
3.42 mmol), β-nitrostyrene (485 mg, 3.25 mmol), and methyl acrylate (650 µL, 7.22 mmol) were placed in a 7.5 mL 
Teflon® tube at 1.5 GPa and room temperature for 40 h using dichloromethane as solvent. The reaction mixture was 
evaporated to dryness and the crude product was purified using column chromatography (EtOAc/heptane : 2/5 + 1% 
Et3N) to obtain the compound 33 (736 mg, 41%) as a mixture of three diastereoisomers 31a, 31b, and 31c in a ratio of 
7.5/2.5/1. Diastereoisomer 31a was further purified by crystallization from cyclohexane. Diastereoisomer 31b was 
further purified by crystallization from diethyl ether/cyclohexane. 
 
31a: Mp (cyclohexane) 119 oC. Rf (EtOAc/heptane : 2/5 + 1% Et3N) = 0.28. 1H-NMR (300 MHz) δ 0.30 (s, 9H), 0.83 
(ddd, 1H, J = 10.5, 14.1, 14.1), 1.76 (dd, 1H, J = 12.0, 13.5), 1.87 (ddd, 1H, J = 4.5, 6.9, 14.1), 2.21-2.55 (m, 5H), 3.00 
(ddd, 1H, J = 4.5, 8.7, 14.1), 3.26 (ddd, 1H, J = 8.1, 8.7, 12.0), 3.69 (s, 3H), 3.72-3.82 (m, 1H), 5.05 (dd, 1H, J = 4.8, 
9.6), 7.14-7.45 (m, 10H). 13C-NMR (75 MHz) δ 2.0, 28.9, 29.7, 36.6, 38.7, 38.8, 43.8 51.7, 52.5, 74.7, 80.5, 101.7, 
126.1, 127.5, 127.9, 128.3, 128.9, 129.0, 131.5, 139.2, 170.1, 177.8, 177.9. HRMS calcd for M+ (C29H34N2O7Si): 
550.2134 found 550.2138.  
 
31b: Rf (EtOAc/heptane : 1/1 + 1% Et3N) = 0.13. 1H-NMR (300 MHz) δ 1.53 (ddd, 1H, J = 6.6, 7.5, 14.9), 1.93 (ddd, 
1H, J = 5.4, 7.5, 14.9), 2.12 (dd, 1H, J = 7.2, 14.1), 2.20 (dd, 1H, J = 6.3, 14.1), 2.34-2.63 (m, 4H), 2.95 (ddd, 1H, J = 
7.5, 7.5, 9.6), 3.15 (ddd, 1H, J = 6.3, 7.2, 9.6), 3.72 (s, 3H), 3.74-3.85 (m, 1H), 5.07 (dd, 1H, J = 4.8, 9.3), 7.22-7.49 (m, 
10H). 13C-NMR (75 MHz) δ 1.9, 23.3, 33.5, 36.5, 36.9, 37.4, 42.8, 50.4, 52.5, 74.7, 80.2, 101.0, 125.9, 127.8, 128.0, 
128.1, 128.8, 129.0, 129.4, 132.1, 139.9, 170.4, 177.6, 177.9. 
 
31c: Rf (EtOAc/heptane : 1/1 + 1% Et3N) = 0.31. 1H-NMR (300 MHz) δ 0.30 (s, 9H), 0.76-0.92 (m, 1H), 1.74 (dd, 1H, 
J = 12.0, 13.7), 1.82-1.93 (m, 1H), 2.17 (dd, 1H, J = 8.0, 13.7), 2.42-2.64 (m, 4H), 2.99 (ddd, 1H, J = 4.5, 8.7, 13.8), 
3.22 (ddd, 1H, J = 8.0, 8.7, 12.0), 3.64-3.75 (m, 1H), 3.78 (s, 3H), 4.75 (dd, 1H, J = 5.7, 8.7), 7.15-7.45 (m, 10H). 
 
Crystal Structure Determinations:9 crystals suitable for X-ray diffraction studies were grown by slow evaporation 
from ethanol/EtOAc/heptane for 15a, CH2Cl2/cyclohexane for 16b, and CH2Cl2/EtOAc/heptane for 20b. Single crystals 
were mounted in air on glass fibres. Intensity data were collected at room temperature for 15a and 16b and at -65 oC for 
20b. An Enraf-Nonius CAD4 single-crystal diffractometer was used for 15a, 16b, and 20b (ω-2θ scan mode), all using 
graphite monochromated Mo-Kalpha radiation.  The structures were solved by the program CRUNCH22 and were 
refined with standard methods using SHELXL9723 with anisotropic parameters for the nonhydrogen atoms. For 15a and 
16b all hydrogens were placed at calculated positions and were refined riding on the parent atoms. For 20b the 
hydrogens were initially placed at calculated positions and were freely refined subsequently. Crystallographic data and 
parameters of the refinements are listed in table 2.2. 
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Table 2.2 Crystallographic data and parameters for the compounds 15a, 16b, and 20b. 
Compound 15a 16b 20b 
Emperical formula C34H29N3O7 C37H42N2O5 C27H30N2O5 
Molecular mass 579.60 594.73 462.53 
Temperature, K 293(2) 293(2) 208(2) 
Wavelength, Å 0.71073 1.54184 0.71073 
Crystal system Triclinic Monoclinic Monoclinic 
Space group P-1 P21/c P21/c 
Unit cell dimension (Å, o)    
A 12.568(4) 21.339(14) 9.4471(3) 
B 13.487(2) 5.882(6) 17.438(3) 
C 19.896(4) 25.99(8) 14.686(3) 
α 100.950(15) 90 90 
β 94.65(2) 96.42(16) 103.513(8) 
γ 90.07(2) 90 90 
Volume (Ǻ3) 3299.8(14) 3242(11) 2352.3(6) 
Z 4 4 4 
Density (calculated, mg/m3) 1.407 1.219 1.306 
µ, mm-1 0.331 0.644 0.090 
F(000) 1448 1272 984 
Crystal size, mm 0.24x0.24x0.04 0.42x0.12x0.07 0.33x0.25x0.13 
θ range (o) 2.54-21.99 2.08-54.97 5.02-27.53 
Reflections collected 8480 4205 45372 
Independent reflections [Rint] 8055 [0.0697] 4072 [0.1156] 5387 [0.0728] 
Refinement method Full-matrix least-squares on F2 
Data/restraint/parameters 8055/0/849 4072/771/398 5387/0/427 
Goodness-of-fit on F2 1.015 1.452 1.023 
R1, wR2 indices [I>2σ(I)] 0.0913, 0.1730 0.1815, 0.3493 0.0565, 0.0961 
R1, wR2 indices (all data) 0.2623, 0.2396 0.3953, 0.4060 0.1048, 0.1084 
Largest diff. peak and hole, e⋅Ǻ-3 0.757 and -0.309 0.700 and -0.395 0.226 and -0.215 
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Chapter 3 
 
Synthesis, rearrangement, and functionalization of N-organyloxy β-lactams 
derived from a (4+2)/(3+2) sequential cycloaddition reaction involving enol 
ethers and nitroalkenes∗ 
 
Abstract: The formation of N-organyloxy β-lactams 2 by treatment of nitroso acetals 1 with base is discussed. A 
mechanism for this reaction involving acyl nitro compound 9 is proposed. This mechanism is supported by trapping of 
the intermediate acyl nitro compound 9 with dimethylamine. Under more forcing basic conditions, N-organyloxy β-
lactams rearrange to 3-organyloxy β-lactams. By using a series of structurally diverse N-organyloxy β-lactams the 
generality of this novel rearrangement is demonstrated. The synthetic utility of N-organyloxy β-lactams is explored and 
the results thereof are presented. 
 
 
3.1 Introduction 
 
Because of their important role in the treatment of bacterial infections, β-lactam antibiotics have 
received much scientific attention.1 However, due to the development of resistance of bacteria 
against β-lactam antibiotics,2 the search for novel antibiotics, and of synthetic methodologies to 
obtain these compounds, remains an important endeavor.  
Recently, Kuster et. al. reported on a stereoselective route towards bicyclic N-organyloxy β-lactams 
2 via a base induced reaction of nitroso acetals 1 (Scheme 3.1).3  
 
N
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R3 R3
R2 R2
 
Scheme 3.1 Conversion of 1 to 2. 
 
Key feature of the synthetic methodology is a one pot high pressure promoted domino (4+2)/(3+2) 
cycloaddition reaction of an enol ether with two equivalents of a nitroalkene to give a mixture of 
two regioisomeric nitroso acetals (Scheme 3.2). 4  In the (4+2)/(3+2) cycloaddition reaction, a 
nitroalkene reacts as a heterodiene in an inverse electron demand Diels-Alder reaction with an 
electron-rich alkene, usually an enol ether, to form a six-membered cyclic nitronate. This cyclic 
                                                 
∗  Part of this chapter was published in: L. W. A. van Berkom, G. J. T. Kuster, R. de Gelder, H. W. Scheeren, 
Eur. J. Org. Chem. 2004, 4397-4404. 
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nitronate then reacts as a 1,3-dipole with a dipolarophile, e.g. a nitroalkene, in a 1,3-dipolar 
cycloaddition reaction to form a nitroso acetal.5 
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Scheme 3.2 (4+2)/(3+2) cycloaddition reaction of enol ether and nitroalkene. 
 
In the first part of this chapter, the (4+2)/(3+2) cycloaddition reaction of an enol ether with two 
equivalents of a nitroalkene, followed by a base induced reaction to obtain an N-organyloxy β-
lactam is investigated in further detail. During these studies, it was found that under more forcing 
basic conditions N-organyloxy β-lactams rearrange to yield 3-organyloxy β-lactams. The generality 
and the mechanism of this novel rearrangement are discussed in the second part of this chapter. The 
chapter ends with a short study towards the synthetic utility of N-organyloxy β-lactams. 
 
3.2 Results and discussion 
 
3.2.1 Formation of N-organyloxy β-lactams 
 
As part of a study on the scope of N-organyloxy β-lactam formation and as continuation of our 
research on the (4+2)/(3+2) cycloaddition reaction,3,4 1-methoxycyclopent-1-ene was reacted with 
two equivalents of β-nitrostyrene at 1.5 GPa and room temperature. Analysis of the crude reaction 
mixture indicated 81% conversion to nitroso acetals 3, 4, and 5 in a ratio of 15/9/1 respectively 
(Scheme 3.3). After column chromatography the nitroso acetals 3, 4, and 5 were isolated in a yield 
of 64% in a ratio of 14/10/1. The minor difference in the ratios between the nitroso acetals 3, 4, and 
5, prior to and after purification, is caused by partial decomposition of nitroso acetal 3 during 
column chromatography. This was supported by the isolation of compound 6 in trace amounts after 
column chromatography. The stereochemistry of the three isomers 3, 4, and 5 was assigned by 
using 2D-NOESY experiments. The stereochemistry of nitroso acetal 3 was confirmed by using X-
ray analysis (Figure 3.1).6  
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Scheme 3.3 Formation of nitroso acetals 3, 4, 5, and 6. Conditions: CH2Cl2, 1.5 GPa, rt, 36 h, 64%.  
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Figure 3.1 PLATON7 drawing of nitroso acetal 3. 
 
The formation of compound 6 during column chromatography of nitroso acetal 3 might be 
explained by the mechanism proposed in scheme 3.4. 
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Scheme 3.4 Tentative mechanism for conversion of 3 to 6. 
 
Next, the base induced conversion of nitroso acetal 3 to afford an N-organyloxy β-lactam was 
studied. Unexpectedly, nitroso acetal 3 did not give a clean and quantitative conversion into N-
organyloxy β-lactam 7 upon treatment with triethylamine (Scheme 3.5). When nitroso acetal 3 was 
reacted with a stoichiometric amount8 of triethylamine at room temperature, N-organyloxy β-lactam 
7 was initially formed but under these conditions the β-lactam reacted further to give two new 
products. To prevent N-organyloxy β-lactam 7 to react further, the reaction was performed at 0 oC 
for 90 minutes. Interestingly, not only lactam 7 (74%) was formed but also the oxime O-ether 8 
(9%). Although a concerted mechanism for N-organyloxy β-lactam formation was previously 
proposed,3 these results suggest that the mechanism for the formation of 7 and 8 involves nitro acyl 
anion 9 as an intermediate (Scheme 3.5).9 After formation of 9 via deprotonation and N-O bond 
cleavage,10 N-organyloxy β-lactam 7 can be formed by pathway a, which involves intramolecular 
substitution at the carbonyl group with loss of a NO2-anion, or by pathway b, which involves 
elimination of the NO2-group to give ketene 10 followed by ring closure.11 However, based on the 
observation that the stereochemistry of the phenyl group at C-3 is retained, it is more likely that the 
mechanism follows pathway a.12 Alternative to the pathways a and b, compound 9 can also react 
via pathway c which involves elimination of 1-nitro-2-phenylethan-1-one and formation of oxime 
O-ether 8.13 
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Scheme 3.5 Proposed mechanism for formation of 7 and 8 from 3 via intermediate 9. 
 
To support the mechanism in Scheme 3.5, it was attempted to trap the intermediate 9 with a 
nucleophile. Treatment of the nitroso acetal 3 with an excess of dimethylamine at -50 oC for 2 hours 
gave the amide 11 in a yield of 63% (Scheme 3.5). To exclude the possibility that amide 11 is 
formed via the intermediacy of compound 7 followed by ring opening with dimethylamine, 
compound 7 was reacted under the same conditions. This did not result in the formation of amide 11, 
but instead partial epimerization of the starting material occurred to give 20 (see Scheme 3.10).14 
 
3.2.2 Regioselective (3+2) cycloadditions using mono-substituted dipolarophiles 
 
Despite the broad scope of N-organyloxy β-lactam formation from nitroso acetals 1, the usefulness 
of the reaction sequence is somewhat limited by the moderate regioselectivity of the 1,3-dipolar 
cycloaddition when 1,2-disubstituted dipolarophiles are applied in the (4+2)/(3+2) cycloaddition 
reaction. When mono-substituted alkenes are used, the regioselectivity of the 1,3-dipolar 
cycloaddition is good and the directing group of the dipolarophile, whether this is an electron 
releasing or withdrawing group, ends up attached to the C-2 position of the (4+2)/(3+2) 
cycloadduct.15 Therefore, the application of 1-nitroethene in the (4+2)/(3+2) cycloaddition reaction 
was studied (Scheme 3.6). For this purpose 4-methoxybenzyl vinyl ether was reacted with two 
equivalents of 1-nitroethene. In contrast with the preparation of nitroso acetals from 1,2-
disubstituted nitroalkenes, high pressure was not required and nitroso acetal 12 was formed as a 
mixture of diastereoisomers. However, compound 12 appeared unstable and all attempts to isolate 
this nitroso acetal failed. Therefore the crude product was treated with triethylamine prior to work-
up to obtain the lactams 13 and 14 in a yield of 53% and 13% respectively. The oxime O-ether 15 
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was obtained in 2% (Scheme 3.6). The stereochemistry of lactam 13 was determined using X-ray 
analysis (Figure 3.2).6 
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Scheme 3.6 Preparation of 13 and 14. Conditions: a) CH2Cl2, rt, 17 h; b) Et3N, CH2Cl2, rt, 0.5 h, 66% (2 steps). 
 
 
Figure 3.2 PLATON7 drawing of compound 13.  
 
Although application of 1-nitroethene results in the selective formation of C-2 nitro substituted 
nitroso acetals in the domino (4+2)/(3+2) cycloaddition reaction, this approach is limited to the 
application of the same nitroalkene in the (4+2) cycloaddition and in the 1,3-dipolar 
cycloaddition.16 For this reason it was investigated whether N-organyloxy β-lactam formation can 
also be induced for nitroso acetals having a functional group (R5 = CN or SO2Ph) at C-2 that 
assures sufficient acidity of the adjacent proton and which is also a potential leaving group (Scheme 
3.7). Because these nitroso acetals are prepared from mono-substituted dipolarophiles, the 
regioselectivity of the 1,3-dipolar cycloaddition is high and only C-2 substituted nitroso acetals 
should be obtained. 
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Scheme 3.7 Synthesis of N-organyloxy β-lactam from C-2 substituted nitroso acetal. 
 
First the reaction of an enol ether, a nitroalkene and phenyl vinyl sulfone (16) was studied. Whereas 
all attempts to react ethyl vinyl ether or 4-methoxybenzyl vinyl ether with β-nitrostyrene and phenyl 
vinyl sulfone resulted in partial decomposition of the products, the reaction of 1-methoxycyclopent-
1-ene, β-nitrostyrene, and phenyl vinyl sulfone at 1.5 GPa and room temperature gave the nitroso 
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acetals 17a and 17b in a yield of 54% and in a ratio of 4/1 respectively (Scheme 3.8). The 
stereochemistry of nitroso acetal 17a was determined by using X-ray analysis (Figure 3.3).  
Similarly, nitroso acetal 19 was obtained by reacting 1-methoxycyclopent-1-ene, β-nitrostyrene, 
and acrylonitrile (18) at 1.5 GPa and room temperature for 18 hours (Scheme 3.8). NMR analysis 
showed 50% conversion to the nitroso acetal 19, which after purification resulted in the isolation of 
two diastereoisomers 19a and 19b in a ratio of 3/2 and in a yield of 43%. The reaction did not give 
a significant higher conversion after prolonged reaction times. 
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Scheme 3.8 Synthesis of 17 and 18. Conditions: CH2Cl2, 1.5 GPa, rt, 14 h, 54% for 17; CH2Cl2, 1.5 GPa, rt, 18 h, 43% 
for 19.  
 
 
Figure 3.3 PLATON7 drawing of nitroso acetal 17a. 
 
Next, it was tried to induce conversion of the compounds 17a and 19a to an N-organyloxy β-lactam 
using a variety of reagents. Whereas treatment of nitroso acetal 17a with triethylamine, DBU, 
sodium hydride, or potassium tert-butoxide resulted in no reaction or (partial) decomposition of the 
starting material, treatment with LDA at 0 oC for 16 hours gave 60% conversion to oxime O-ether 8 
(Scheme 3.9).17 When these conditions were applied to nitroso acetal 19a, the oxime O-ether 8 was 
formed in 58% conversion. 
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Scheme 3.9 Formation of oxime O-ether 8 from nitroso acetals 17a and 19a. 
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3.2.3.1 Rearrangement of N-organyloxy β-lactams 
 
As was discussed in the section 3.2.1, it was observed that upon reaction of nitroso acetal 3 with 
triethylamine at room temperature, N-organyloxy β-lactam 7 was formed, but upon prolonged 
exposure to triethylamine, slowly reacted further giving two unknown compounds. To investigate 
this reaction in further detail, a solution of lactam 7 and triethylamine was stirred at room 
temperature and the reaction was monitored by using 1H-NMR (Scheme 3.10). After 24 hours the 
conversion was 94% and two new compounds were formed in a ratio of 2/1. After another 24 hours 
the conversion was complete and the ratio of products changed to 1.3/1. Because of this product 
ratio change, the reaction mixture was left for two more days after which the product ratio was 1/1.6. 
At this point the reaction was stopped and compound 20 and 3-organyloxy β-lactam 21 were 
isolated from the reaction in a yield of 34% and 61% respectively (entry 1, table 3.1). The structure 
of the rearranged lactam 21 was identified using X-ray crystal structure determination (Figure 3.4).6 
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Scheme 3.10 Conversion of 7 to 20 and 21. Conditions: Et3N, CHCl3, rt, 4 days. 
 
 
Figure 3.4 PLATON7 drawing of lactam 21.  
 
To investigate the generality of this reaction, the rearrangement was also studied for the lactams 22, 
23, and 13 (Table 3.1). Compound 22 and 23 were obtained by reaction of respectively p-
methoxybenzyl vinyl ether and dihydrofuran with two equivalents of β-nitrostyrene, followed by 
base treatment according to a previous communication.3  
In contrast with the rearrangement of lactam 7 (entry 1), the lactams 22, 23, and 13 did not 
rearrange using triethylamine at room temperature (entries 2-4). However, when the lactams 22 and 
23 were heated at reflux in the presence of triethylamine, rearrangement did occur (entries 5-6). 
Whereas the lactam 23 gave a clean and near quantitative yield of the lactam 26, the lactam 22 gave 
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in good yield its epimer 25 and the lactam 24. Lactam 13 did not rearrange under these conditions 
(entry 7).  
 
Table 3.1 Preparations of organyloxy β-lactam 24, 26, and 28. 
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 N-organyloxy β-lactam Conditionsa Yieldb Productc 
1 7 A 95% 21/20 : 1.6/1 
2 22 A 0  
3 23 A 0  
4 13 A 0  
5 22 B 92% 24/25 : 3.3/1 
6 23 B 91% 26 
7 13 B 0  
8 22 C 78% 24 
9 13 C n.d. 27 
10 13 D 53% 28d 
a Conditions: A) Et3N, CHCl3, rt; B) Et3N, reflux; C) NaOMe, THF, rt; D) LDA, THF, -78 oC. b Isolated yield. c Product 
ratio based on 1H-NMR analysis of crude reaction mixture. d pMBOH was isolated in 25% yield. 
 
To increase the reaction rate, it was attempted to use a stronger base. Indeed, treatment of N-
organyloxy β-lactam 22 with sodium methoxide gave the rearranged lactam 24 in 15 minutes in 
78% yield (entry 8). When these conditions were applied to lactam 13, the main product of the 
reaction was the ester 27 (entry 9). Obviously, ring opening of the lactam ring of compound 13 is 
caused by the nucleophilicity of sodium methoxide, and application of a strong non-nucleophilic 
base should circumvent this problem. To our delight, treatment of lactam 13 with LDA gave the 
lactam 28 in a yield of 53% (entry 10). In addition to the desired lactam 28, p-methoxybenzyl 
alcohol was isolated as a by-product in a yield of 25%. 
 
3.2.3.2 Mechanistic consideration 
 
To explain the base-induced rearrangement, the mechanism must involve cleavage of the N-O bond 
(Scheme 3.11). Since it was observed that the rate of the reaction depends on the base that is 
employed, it is likely that rearrangement of the N-organyloxy β-lactams starts by deprotonation to 
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give enolate I. After formation of the enolate I, cleavage of the N-O bond might occur via 
formation of either intermediate II or intermediate III. Since it is unlikely that the highly strained 
azabicyclobutanone II is formed, the rearrangement most likely involves the intermediate III. 18,19 
After formation of III, ring closure followed by protonation gives 3-organyloxy β-lactam V. 
Alternatively, intermediate III gives an elimination reaction to yield aldehyde IV. This is supported 
by the observation that p-methoxybenzyl alcohol was formed as by-product in the rearrangement of 
the N-organyloxy β-lactam 14. Unfortunately, we did not succeed to isolate or detect the formation 
of aldehyde IV or a derivative thereof.20  
Though this mechanism explains the formation of the products, the influence of base, and the lower 
reactivity of compound 13 compared with 7, 22, and 23, it is not yet clear to what extent the 
reactivity is influenced by structural factors of the N-organyloxy β-lactams and what causes the 
high reactivity of 7 compared with 22 and 23. 
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Scheme 3.11 Proposed mechanism for conversion of N-organyloxy β-lactam to 3-organyloxy β-lactam. 
 
3.2.4 Preliminary studies towards synthetic exploration of N-organyloxy β-lactams 
 
In the previous section, it was demonstrated that N-organyloxy β-lactams can be converted to 3-
organyloxy β-lactams by base treatment. In this section the synthetic utility of N-organyloxy β-
lactams to yield other classes of compounds is shortly explored. Because of the high oxidation state 
of N-organyloxy β-lactams, research was focused on the reduction of these β-lactams. Since N-
organyloxy β-lactam 22 is more easily available than e.g. lactam 7, all reactions in this section were 
studied using lactam 22. 
As was stated in the introduction, the quest for potent β-lactams antibiotics that are resistant to 
inactivation by β-lactamases remains an important endeavor. The discovery of thienamycin, the first 
example of a carbapenem antibiotic (Figure 3.5), triggered an intense interest in the development of 
novel methodologies to carbapenem derivatives. 21  In this respect, the synthesis of a 
perhydroazeto[1,2-a]pyrrol-2-one (31, Scheme 3.12) from N-organyloxy β-lactam 22 was studied. 
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Figure 3.5 
 
First, lactam 22 was hydrogenated with Raney nickel to obtain the ring opened lactam 29 in a yield 
of 59% (Scheme 3.12). In analogy with the hydrogenolysis of nitroso acetals,5 this transformation 
involves three discrete steps: reductive N-O bond cleavage, hemiacetal breakdown, and finally 
reduction of the aldehyde. Having obtained compound 29, conversion of the alcohol to a leaving 
group, followed by intramolecular nucleophilic substitution was left to complete the synthesis of 
compound 31. Treatment of the alcohol 29 with p-toluenesulfonyl chloride and triethylamine 
yielded the tosylate 30 in excellent yield. Finally, it was tried to effect ring closure by displacement 
of the p-toluenesulfonyl ester by nucleophilic attack of the lactam nitrogen. Whereas treatment with 
triethylamine in warm chloroform did not give any reaction, treatment with potassium tert-butoxide 
gave the lactam 31a and the lactam 31b in a yield of 63% and 18%, respectively. The assignment of 
the stereochemistry of compounds 31a and 31b was based on the coupling constant of the protons 
attached to the lactam nucleus.22 To prevent the formation of lactam 31a, it was attempted to effect 
ring closure by kinetic deprotonation of the lactam nitrogen using LDA. Unfortunately, the same 
product ratio was obtained. Most probably lactam 31a is formed by base catalyzed epimerization of 
the lactam 31b. This was supported by the observation that lactam 31b gave a mixture of the 
lactams 31a and 31b in a ratio of 4.6/1 upon treatment with a catalytic amount of LDA. 
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Scheme 3.12 Conversion of 22 to 31a and 31b. Reagents and conditions: a) Raney Ni, 40 bar H2, CH2Cl2/MeOH, rt, 22 
h, 59%; b) TsCl, Et3N, CH2Cl2, rt, 6 d, 91%; c) KOt-Bu, THF, 0 oC, 2 h, 81%. 
 
After the synthesis of compounds 31a and 31b via hydrogenolysis of lactam 22 using Raney nickel, 
the reduction of β-lactam 22 with a series of other reducing reagents was studied (Table 3.2). When 
lactam 22 was reacted with four equivalents of trifluoroacetic acid and triethylsilane, acid catalyzed 
epimerization of the acetal resulted in partial conversion of the lactam 22 to the lactam 32 (entry 1). 
Upon reaction of lactam 22 with a large excess of trifluoroacetic acid and triethylsilane, 1H-NMR 
analysis of the crude reaction mixture indicated full conversion of the starting material to a mixture 
of two products in a ratio of 2/1. Upon purification of the crude product using column 
chromatography, partial decomposition of the products occurred and the major compound 33 was 
isolated in 34% (entry 2). 
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Next, it was attempted to reduce N-organyloxy β-lactam 22 to an N-organyloxy azetidine using 
diisobutylaluminum hydride or monochlorohydroalane (AlH2Cl) according to the methodology 
developed by Ojima.23,24 Reaction of lactam 22 with diisobutylaluminum hydride resulted in a 40% 
conversion to the oxime O-ether 34 (entry 3). When compound 22 was treated with 
monochlorohydroalane formation of N-organyloxy β-lactam 32 occurred (entry 4). Because 
monochlorohydroalane did not result in reduction of the lactam 22, it was tried to use the more 
powerful reducing agent alane (AlH3).25 , 26  Unfortunately, application of alane also resulted in 
epimerization to give 32 (entry 5).  
Finally, it was attempted to induce the formation of a β-amino alcohol by reaction of lactam 22 with 
lithium aluminum hydride. Reaction of lactam 22 with this reagent resulted in isolation of β-amine 
alcohol 35 in a yield of 34%. 
 
Table 3.2 Conversion of 22 to 32-35 
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(±)-33
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 Conditions Product Yield (%) 
1 4 eq. Et3SiH, 4 eq. TFA, CHCl3, rt 22/32 : 2/1 74a 
2 10 eq. Et3SiH, 10 eq. TFA, CHCl3, rt 33 34a 
3 DIBAL-H, THF, rt 34 40b 
4 AlH2Cl, THF 32 81a 
5 AlH3, THF 32 100b 
6 LiAlH4, -78 oC to rt 35 34a 
a Isolated yield. b Conversion based on ratio between lactam 22 and product in 1H-NMR. 
 
3.3 Conclusions 
 
This work has confirmed the general applicability of the (4+2)/(3+2) cycloaddition reaction of enol 
ethers and nitroalkenes as a means to prepare N-organyloxy β-lactams. It was demonstrated that the 
conversion of C-2 nitro substituted nitroso acetals to N-organyloxy β-lactams most likely occurs via 
formation of an acyl nitro intermediate. Using 1-nitroethene in the (4+2)/(3+2) cycloaddition 
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reaction, 2-nitro substituted nitroso acetals are obtained regioselectively. Whereas C-2 nitro 
substituted nitroso acetals react with triethylamine to yield N-organyloxy β-lactams, an analogous 
reaction did not occur for nitroso acetals with a phenylsulfone or a cyano group at the C-2 position. 
Next, it was demonstrated that under basic conditions, N-organyloxy β-lactams can rearrange to 3-
organyloxy β-lactams. Using a series of structurally diverse substrates the scope of this novel 
rearrangement was demonstrated. The rate of the rearrangement appears to correlate with the 
strength of the base that is employed. The rearrangement reaction most likely proceeds via base 
induced enolate formation, followed by cleavage of the N-O bond and cyclization. 
Finally, the synthetic utility of N-organyloxy β-lactams was briefly explored. Using a variety of 
different reducing reagents, a number of lactams or alkaloids were prepared in poor to moderate 
yield.  
Because of the possibility to perform the (4+2)/(3+2) cycloaddition reaction in a highly 
stereoselective and enantioselective manner,5 the methodology described in this chapter may open 
new routes to β-lactam antibiotics and certain natural alkaloids. 
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3.5 Experimental Section 
 
General remarks: for general experimental details, see section 2.5. 
 
Literature preparations: the following compounds were prepared according to literature procedures: nitroethene27, 1-
methoxycyclopent-1-ene28, β-nitrostyrene29, p-methoxybenzylvinyl ether4d. 
 
Preparation of compounds 3, 4, 5, and 6: 1-methoxycyclopent-1-ene (1.00 g, 10.2 mmol), β-nitrostyrene (3.12 g, 20.9 
mmol) and a spoontip of 5-tert-butyl-4-hydroxy-2-methylphenyl sulfide (10 mg) were dissolved in dichloromethane in 
a 15 mL Teflon® tube. The reaction mixture was pressurized at 1.5 GPa and room temperature for 36 h. After 
depressurizing the reaction, the solvent was evaporated in vacuo. 1H-NMR analysis of the crude reaction mixture 
indicated 81% conversion to a mixture of the compounds 3, 4, and 5 in a ratio of 15/9/1. The crude product was purified 
by column chromatography (EtOAc/heptane : 1/8) to afford the nitroso acetals 3, 4, and 5 in a combined yield of 64% 
and in a ratio of 14/10/1. In addition to these nitroso acetals, the decomposition product 6 was obtained in trace amounts. 
Analytical samples of the compounds 3, 4, and 5 were obtained by crystallization from dichloromethane/heptane. An 
analytical sample of the compound 6 was obtained by crystallization from heptane. 
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(±)-(2S,3S,3aR,4S,4aR,7aR)-7a-Methoxy-2-nitro-3,4-diphenylperhydrocyclopenta[e]isoxazolo[2,3-b][1,2]oxazine 
(3): Mp (CH2Cl2/heptane) 151 oC (dec). Rf (EtOAc/heptane : 1/5) = 0.26. 1H-NMR (300 MHz) δ 0.84-0.97 (m, 1H), 
1.25-1.62 (m, 4H), 1.94-2.05 (m, 1H), 2.18 (dd, 1H, J = 8.7, 12.9), 2.30-2.39 (m, 1H), 3.46 (s, 3H), 3.96 (dd, 1H, , J = 
1.2, 8.1), 4.29 (dd, 1H, J = 8.1, 8.7), 6.29 (d, 1H, J = 1.2), 6.92-6.96 (m, 2H), 7.22-7.46 (m, 8H). 13C-NMR (75 MHz) δ 
21.9, 28.0, 31.2, 44.7, 47.6, 49.6, 56.6, 72.9, 112.8, 113.8, 127.6, 128.6, 128.7, 128.8, 128.9, 129.8, 134.8, 139.2. 
HRMS calcd for M+ (C22H24N2O5): 396.1685 found 396.1692. C22H24N2O5 (396.5): calcd. C 66.65, H 6.10, N 7.07; 
found C 66.99, H 5.87, N 7.07. 
 
(±)-(2R,3S,3aR,4S,4aR,7aR)-7a-Methoxy-3-nitro-2,4-diphenylperhydrocyclopenta[e]isoxazolo[2,3-b][1,2]oxazine 
(4): Mp (CH2Cl2/heptane) 178 oC (dec). Rf (EtOAc/heptane : 1/5) = 0.26. 1H-NMR (300 MHz) δ 1.11-1.23 (m, 1H), 
1.59-1.78 (m, 4H), 2.09-2.19 (m, 1H), 2.39-2.49 (m, 1H), 2.56 (dd, 1H, J = 8.0, 12.6), 3.45 (s, 3H), 4.38 (dd, 1H, J = 
8.0, 9.3), 5.17 (dd, 1H, J = 6.6, 9.3), 6.41 (d, 1H, J = 6.6), 7.22-7.39 (m, 10H). 13C-NMR (75 MHz) δ 21.8, 28.1, 30.9, 
45.0, 47.0, 49.4, 76.4, 88.0, 94.3, 112.6, 126.5, 127.8, 128.6, 129.0, 129.1, 129.5, 134.7, 139.4. HRMS: calcd for M+ 
(C22H24N2O5): 396.1685 found 396.1678. C22H24N2O5 (396.5): calcd. C 66.65, H 6.10, N 7.07; found C 66.79, H 5.89, 
N 7.02. 
 
(±)-(2S,3R,3aR,4S,4aR,7aR)-7a-Methoxy-3-nitro-2,4-diphenylperhydrocyclopenta[e]isoxazolo[2,3-b][1,2]oxazine 
(5): Mp (CH2Cl2/heptane) 125 oC (dec). 1H-NMR (300 MHz) δ 1.16-1.28 (m, 1H), 1.58-1.81 (m, 4H), 2.06-2.19 (m, 
1H), 2.42-2.51 (m, 1H), 2.79 (dd, 1H, J = 7.0, 12.3), 3.45 (s, 3H), 4.41 (dd, 1H, J = 7.0, 8.4), 5.31 (dd, 1H, J = 7.2, 8.4), 
5.79 (d, 1H, J = 7.2), 7.16-7.50 (m, 10H). 13C-NMR (75 MHz) δ 22.4, 28.7, 32.2, 47.8, 49.8, 49.9, 78.6, 90.2, 98.5, 
113.2, 126.7, 127.8, 128.2, 128.8, 129.06, 129.08, 136.9, 139.2. HRMS: calcd for M+ (C22H24N2O5): 396.1685 found 
396.1687. C22H24N2O5 (396.5): calcd. C 66.65, H 6.10, N 7.07; found C 66.25, H 5.93, N 6.84. 
 
2-[(±)-(4S,4aR,7aR)-7a-Methoxy-4-phenylperhydrocyclopenta[e][1,2]oxazin-3-yliden]-2-phenylacetaldehyde (6): 
Mp (heptane) 132 oC. Rf (EtOAc/heptane : 1/5) = 0.18. 1H-NMR (300 MHz) δ 1.66-1.83 (m, 2H), 1.87-2.08 (m, 3H), 
2.54-2.59 (m, 1H), 2.76-2.84 (m, 1H), 3.56 (s, 3H), 3.60 (d, 1H, J = 3.6), 6.64 (m, 4H), 7.03-7.15 (m, 6H), 7.33 (s, 1H), 
13.70 (s, 1H). 13C-NMR (75 MHz) δ 23.7, 33.2, 35.3, 49.8, 53.4, 53.8, 108.2, 112.8, 126.6, 127.0, 127.2, 128.0, 128.5, 
130.2, 135.6, 140.2, 157.7, 167.0. C22H23NO3 (349.4): calcd. C 75.62, H 6.63, N 4.01; found C 75.30, H 6.39, N 3.92. 
 
Preparation of compounds 7 and 8: at 0 oC, a solution of triethylamine (42.0 mg, 415 µmol) in chloroform (2 mL) 
was added gradually to a solution of nitroso acetal 3 (154 mg, 388 µmol) in chloroform (3 mL). After 1.5 h, the reaction 
mixture was quenched with an excess of aqueous 1 M ammonium chloride and extracted three times with 
dichloromethane. The combined extracts were dried (sodium sulfate), filtered, and evaporated to dryness. The crude 
product was purified using column chromatography (EtOAc/heptane : 1/8). The nitroso acetal 3 was recovered in 7% 
yield. The lactam 7 (100 mg, 74%) and the imine 8 (7.8 mg, 9%) were obtained as oils. An analytical sample of the 
lactam 7 was obtained by crystallization from CH2Cl2/heptane which yielded very small white crystals. 
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(±)-(1S,4aR,7aR,8S,8aR)-4a-Methoxy-1,8-diphenylperhydroazeto[1,2-b]cyclopenta[e][1,2]oxazin-2-one (7): Mp 
(CH2Cl2/heptane) 99 oC. Rf (EtOAc/heptane : 1/4) = 0.15. 1H-NMR (300 MHz) δ 1.21-1.34 (m, 1H), 1.51-1.78 (m, 3H), 
1.93-2.14 (m, 3H), 2.32 (t, 1H, J = 10.8), 3.44 (s, 3H), 4.20 (dd, 1H, J = 5.1, 10.8), 4.50 (d, 1H, J = 5.1), 6.47-6.53 (m, 
2H), 6.95-7.27 (m, 8H). 13C-NMR (75 MHz) δ 20.7, 28.5, 31.1, 45.0, 48.4, 50.7, 53.8, 58.1, 113.9, 126.7, 127.5, 127.9, 
128.1, 128.2, 129.2, 131.3, 138.7, 166.9. HRMS calcd for M+ (C22H23NO3): 349.1680 found 349.1672. IR (film): ν = 
2952, 1774, 1496, 1452, 1328, 1192, 1133, 1084, 871, 751, 699 cm-1. C22H23NO3 (349.4): calcd C 75.62, H 6.63, N 4.01; 
found C 75.27, H 6.55, N 3.89. 
 
(±)-(4S,4aR,7aR)-7a-Methoxy-4-phenyl-4,4a,5,6,7,7a-hexahydrocyclopenta[e][1,2]oxazine (8): Rf (EtOAc/heptane : 
1/4) = 0.22. 1H-NMR (300 MHz) δ 1.47-2.12 (m, 6H), 2.25 (ddd, 1H, J = 7.7, 7.7, 7.7), 3.06 (dd, 1H, J = 2.3, 7.7), 3.56 
(s, 3H), 7.18-7.36 (m, 5H), 7.77 (d, 1H, J = 2.3). 13C-NMR (75 MHz) δ 22.0, 31.3, 34.3, 43.1, 50.8, 51.2, 110.0, 127.1, 
128.2, 128.7, 139.9, 161.1. HRMS calcd for M+H+ (C14H18NO2): 232.1338 found 232.1328. IR (film): ν = 2958, 1494, 
1452, 1327, 1189, 1144, 1093, 842, 762, 701 cm-1. 
 
(±)-N,N-Dimethyl-2-[(3R,4S,4aR,7aR)-7a-methoxy-4-phenylperhydrocyclopenta[e][1,2]oxazin-3-yl)-2-
phenylacetamide (11): at -70 oC, a solution of nitroso acetal 3 (70 mg, 177 µmol) in dichloromethane (1.5 mL) was 
added dropwise to a 2 M solution of dimethylamine in tetrahydrofuran (5 mL). The reaction mixture was slowly 
warmed to -50 oC. After 2 h at -50 oC the reaction was quenched with acetic acid (600 µL). The reaction mixture was 
diluted with aqueous 1 M ammonium chloride and extracted two times with dichloromethane. The combined extracts 
were dried (sodium sulfate), filtered and evaporated to dryness. The crude product was purified with column 
chromatography (EtOAc/heptane : 1/1) to obtain the amide 11 (44.1 mg, 63%) as a clear oil. Rf (EtOAc/heptane : 1/1) = 
0.13. 1H-NMR (300 MHz) δ 1.13-1.28 (m, 1H), 1.39-1.68 (m, 4H), 1.80-1.93 (m, 1H), 2.03-2.14 (m, 1H), 2.37 (dd, 1H, 
J = 9.3, 10.8), 2.62 (s, 3H), 2.72 (s, 3H), 3.23 (s, 3H), 3.77 (d, 1H, J = 4.8), 3.97 (dd, 1H, J = 4.8, 9.3), 6.25 (bs, 1H), 
7.18-7.34 (m, 10H). 13C-NMR (75 MHz) δ 22.7, 30.6, 32.8, 36.1, 37.5, 46.0, 49.1, 50.0, 51.5, 62.1, 112.1, 126.7, 127.0, 
128.2, 128.4, 129.0, 130.0, 136.0, 142.2, 172.3. HRMS calcd for M+ (C24H30N2O3): 394.2257 found 394.2261. 
 
Preparation of 13, 14, and 15: a solution of p-methoxybenzyl vinyl ether (497 mg, 3.03 mmol) and nitroethene (470 
mg, 6.43 mmol) in dichloromethane (1.5 mL) was stirred at room temperature for 17 h. To the reaction mixture was 
added triethylamine (400 mg, 3.95 mmol) and the reaction mixture was stirred for 0.5 h. The reaction mixture was 
diluted with dichloromethane and washed with aqueous saturated sodium bicarbonate. The aqueous layer was extracted 
twice with dichloromethane. The combined extracts were dried (sodium sulfate), filtered, and evaporated to dryness. 
The crude product was purified using column chromatography (EtOAc/heptane: 2/5 + 1% Et3N) to obtain lactam 13 
(423 mg, 53%) as a white solid, lactam 14 (101 mg, 13%) as an oil, and the oxime O-ether 15 (16.1 mg, 2%) as an oil. 
An analytical sample of compound 13 was obtained by crystallization from EtOAc/heptane. 
 
(±)-(2R,4aR)-2-[(4-Methoxybenzyl)oxy]perhydroazeto[1,2-b][1,2]oxazin-6-one (13): Mp (EtOAc/heptane) 86 oC. Rf 
(EtOAc/heptane : 1/1 + 1% Et3N) = 0.29. 1H-NMR (300 MHz) δ 1.50-1.65 (m, 1H), 1.67-1.81 (m, 1H), 1.88 (dtd, 1H, J 
= 1.8, 3.9, 13.8), 2.24-2.33 (m, 1H), 2.34 (dd, 1H, J = 1.5, 13.8), 2.94 (dd, 1H, J = 4.2, 13.8), 3.59 (dtd, 1H, J = 1.5, 4.2, 
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10.1), 3.79 (s, 3H), 4.65 (d, 1H, J = 11.4), 4.84 (dd, 1H, J = 1.8, 9.0), 4.89 (d, 1H, J = 11.4), 6.83-6.89 (m, 2H), 7.23-
7.31 (m, 2H). 13C-NMR (75 MHz) δ 28.0, 28.5, 40.2, 48.7, 55.3, 71.2, 103.5, 113.8, 128.3, 129.8, 159.2, 164.0. HRMS 
calcd for M+ (C14H17NO4): 263.1158 found 263.1159. IR (film): ν = 2958, 1771, 1613, 1514, 1249, 1158, 1028, 952, 
908, 832, 749 cm-1. C14H17NO4 (263.3): calcd. C 63.87, H 6.51, N 5.32; found C 63.78, H 6.50, N 5.29. 
  
(±)-(2S,4aR)-2-[(4-Methoxybenzyl)oxy]perhydroazeto[1,2-b][1,2]oxazin-6-one (14): Rf (EtOAc/heptane : 1/1 + 1% 
Et3N) = 0.40. 1H-NMR (300 MHz) δ 1.80-2.00 (m, 4H), 2.49 (dd, 1H, J = 1.5, 13.5), 2.99 (dd, 1H, J = 4.2, 13.5), 3.63-
3.72 (m, 1H), 3.79 (s, 3H), 4.55 (d, 1H, J = 11.1), 4.92 (pseudo d, 1H, J = 2.4), 5.00 (d, 1H, J = 11.1), 6.78-6.89 (m, 
2H), 7.26-7.33 (m, 2H). 13C-NMR (75 MHz) δ 22.0, 26.4, 41.9, 49.7, 55.5, 70.1, 98.7, 113.8, 129.0, 130.3, 159.3, 166.0. 
HRMS calcd for M+ (C14H17NO4): 263.1158 found 263.1156. 
 
(±)-6-[(4-Methoxybenzyl)oxy]-5,6-dihydro-4H-1,2-oxazine (15): Rf (EtOAc/heptane : 1/1 + 1% Et3N) = 0.48. 1H-
NMR (300 MHz) δ 1.87-2.07 (m, 3H), 2.25-2.40 (m, 1H), 3.79 (s, 3H), 4.54 (d, 1H, J = 11.4), 4.75 (d, 1H, J = 11.4), 
5.14 (bd, 1H, J = 5.1), 6.83-6.89 (m, 2H), 7.23-7.29 (m, 2H), 7.33 (bd, 1H, J = 1.5). 13C-NMR (75 MHz) δ 16.9, 22.3, 
55.5, 69.2, 94.4, 113.8, 129.7, 150.4, 159.1. HRMS calcd for M+ (C12H15NO3): 221.1052 found 221.1052. 
 
(±)-(2R,3aS,4S,4aR,7aR)-7a-Methoxy-2-[(4-methylphenyl)sulfonyl]-4-phenylperhydrocyclopenta[e]isoxazolo[2,3-
b][1,2]oxazine (17): 1-methoxycyclopent-1-ene (485 mg, 4.94 mmol), β-nitrostyrene (540 mg, 3.62 mmol), and phenyl 
vinyl sulfone (555 mg, 3.30 mmol)30 were dissolved in dichloromethane in a 7.5 mL Teflon® tube. The reaction mixture 
was pressurized at 1.5 GPa and room temperature for 14 h. After depressurizing the reaction, the solvent was 
evaporated in vacuo. The crude product was purified with column chromatography (EtOAc/heptane : 1/5 + 1% Et3N) to 
give a mixture of the diastereoisomers 17a and 17b (735 mg, 54%) in a ratio of 4/1 respectively. Diastereoisomer 17a 
was obtained from this mixture by crystallization from dichloromethane/diisopropyl ether. Rf (EtOAc/heptane : 2/5) = 
0.12. 1H-NMR (300 MHz) δ 1.09-1.28 (m, 1H), 1.51-1.77 (m, 4H), 1.96-2.12 (m, 1H), 2.33-2.64 (m, 3H), 3.05 (ddd, 1H, 
J = 2.4, 7.2, 13.5), 3.35 (s, 3H), 3.78 (ddd, 1H, J = 7.2, 7.2, 10.2), 5.39 (dd, 1H, J = 2.4, 9.3), 7.13-7.35 (m, 5H), 7.45-
7.55 (m, 2H), 7.57-7.67 (m, 1H), 7.84-7.93 (m, 2H). 13C-NMR (75 MHz) δ 22.1, 28.3, 31.3, 33.8, 47.1, 49.4, 51.4, 73.2, 
96.2, 113.1, 127.2, 128.0, 128.7, 128.9, 129.4, 134.0, 135.4, 139.8. 
 
(±)-(2SR,3aSR,4S,4aR,7aR)-7a-Methoxy-4-phenylperhydrocyclopenta[e]isoxazolo[2,3-b][1,2]oxazin-2-yl cyanide 
(19): 1-methoxycyclopent-1-ene (329 mg, 3.35 mmol), β-nitrostyrene (500 mg, 3.35 mmol), and acrylonitrile (331 µL, 
5.03 mmol) were dissolved in dichloromethane in a 7.5 mL Teflon® tube. The reaction mixture was pressurized at 1.5 
GPa and room temperature for 18 h. After depressurizing the reaction, the solvent was evaporated in vacuo. 1H-NMR 
analysis of the crude reaction mixture indicated 50% conversion to a mixture of the diastereoisomers 19a and 19b in a 
ratio of 3/2 respectively. The crude product was purified with column chromatography (EtOAc/heptane : 1/4 + 1% Et3N) 
to give diastereoisomer 19a (260 mg, 26%) as a white solid and diastereoisomer 19b (169 mg, 17%) as an oil. An 
analytical sample of diastereoisomer 19a was obtained by crystallization from dichloromethane/heptane. 
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19a: Mp (CH2Cl2/heptane) 138 oC. Rf (EtOAc/heptane : 1/4 + 1% Et3N) = 0.21.  1H-NMR (300 MHz) δ 1.09-1.22 (m, 
1H), 1.50-1.79 (m, 4H), 2.00-2.17 (m, 1H), 2.36-2.56 (m, 3H), 2.62 (ddd, 1H, J = 5.5, 8.2, 12.4), 3.39 (s, 3H), 3.88 (ddd, 
1H, J = 8.1, 8.1, 8.1), 5.18 (dd, 1H, J = 5.2, 8.9), 7.18-7.37 (m, 5H). 13C-NMR (75 MHz) δ 22.4, 28.7, 31.8, 38.1, 47.2, 
49.6, 51.2, 68.8, 74.3, 112.9, 116.5, 127.6, 128.2, 129.0, 139.8. HRMS: calcd for M+ (C17H20N2O3): 300.1474 found 
300.1465. IR (film): ν = 2951, 2245, 1452, 1109, 1093, 786, 730, 698 cm-1. 
 
19b: Rf (EtOAc/heptane : 1/4 + 1% Et3N) = 0.15. 1H-NMR (300 MHz) δ 1.11-1.29 (m, 1H), 1.47-1.84 (m, 4H), 2.05-
2.17 (m, 1H), 2.33-2.43 (m, 1H), 2.50 (ddd, 1H, J = 5.3, 7.5, 12.6), 2.64-2.81 (m, 2H), 3.43 (s, 3H), 3.74 (ddd, 1H, J = 
8.1, 8.1, 8.1), 4.90 (dd, 1H, J = 5.3, 9.5), 7.19-7.36 (m, 5H). 13C-NMR (75 MHz) δ 22.4, 28.8, 31.8, 38.7, 47.5, 49.7, 
51.4, 68.7, 74.6, 113.0, 118.5, 127.5, 128.3, 129.0, 140.0.  
 
Preparation of compounds 20 and 21: the N-organyloxy-β-lactam 7 (39.1 mg, 112 µmol) was dissolved in chloroform 
(1.5 mL). Triethylamine (12.6 mg) was added and the reaction mixture was stirred at room temperature. The reaction 
mixture was monitored using 1H-NMR. After 4 days the reaction mixture was evaporated to dryness and the crude 
product was purified with column chromatography (EtOAc/heptane 1/2). N-organyloxy-β-lactam 20 (13.3 mg, 34%) 
was obtained as a white solid and lactam 21 (23.7 mg, 61%) was obtained as an oil. Lactam 20 was crystallized from 
CH2Cl2/heptane to give white crystals. The lactam 21 was crystallized from CH2Cl2/diisopropyl ether yielding small 
white crystals. 
 
(±)-(1R,4aR,7aR,8S,8aR)-4a-Methoxy-1,8-diphenylperhydroazeto[1,2-b]cyclopenta[e][1,2]oxazin-2-one (20): Mp 
(CH2Cl2/heptane) 149 oC. Rf (EtOAc/heptane : 1/2) = 0.50. 1H-NMR (300 MHz) δ 1.36-1.50 (m, 1H), 1.51-1.65 (m, 
1H), 1.71-1.98 (m, 3H), 2.01-2.12 (m, 1H), 2.22 (td, 1H, J = 7.2, 10.8), 2.64 (t, 1H, J = 10.8), 3.86 (dd, 1H, J = 2.1, 
10.8), 3.98 (d, 1H, J = 2.1), 6.96-7.03 (m, 2H), 7.14-7.38 (m, 8H). 13C-NMR (75 MHz) δ 22.4, 30.6, 33.1, 49.6, 49.7, 
51.1, 58.1, 62.2, 114.3, 127.0, 127.5, 127.7, 127.8, 128.7, 129.1, 134.1, 138.5, 167.3. HRMS calcd for M+ (C22H23NO3): 
349.1678 found 349.1681. IR (film): ν = 2957, 1772, 1496, 1452, 1326, 1192, 1124, 1099, 873, 747, 699 cm-1. 
 
(±)-(2aS,3aR,6aR,7S,7aR)-3a-Methoxy-2a,7-diphenylperhydrocyclopenta[5,6]pyrano[3,2-b]azet-2-one (21): Mp 
(CH2Cl2/diisopropyl ether) 169 oC. Rf (EtOAc/heptane : 1/2) = 0.25. 1H-NMR (300 MHz) δ 1.22-1.37 (m, 1H), 1.51-
1.75 (m, 2H), 1.79-1.96 (m, 2H), 2.18-2.27 (m, 1H), 2.70-2.84 (m, 2H), 3.38 (s, 3H), 3.89 (d, 1H, J = 2.1), 6.36 (bs, 1H), 
7.21-7.44 (m, 8H), 7.55-7.62 (m, 2H). 13C-NMR (75 MHz) δ 22.7, 30.8, 36.2, 42.1, 46.4, 49.6, 61.8, 86.8, 111.8, 125.6, 
127.2, 128.0, 128.3, 128.6, 129.0, 136.8, 139.8, 170.5. HRMS: calcd for M+H+ (C22H24NO3): 350.1756 found 350.1750. 
IR (film): ν = 1759, 1493, 1448, 1329, 1171, 1090, 1011, 756, 735 cm-1. C22H23NO3 (349.4): calcd. C 75.62, H 6.63, N 
4.01; found C 75.45, H 6.58, N 3.64. 
 
(±)-(2R,4S,4aR,5S)-2-[(4-Methoxybenzyl)oxy]-4,5-diphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (22): prepared 
according to procedure in reference 3. An analytical sample was obtained by crystallization from CH2Cl2/ hexane. Mp 
(CH2Cl2/hexane) 143 oC. Rf  = 0.22 (EtOAc/hexane : 1/4 + 1% Et3N). 1H-NMR (300 MHz) δ 1.96-2.12 (m, 2H), 2.64-
2.72 (m, 1H), 3.82 (s, 3H), 3.99 (dd, 1H, J = 4.8, 9.9), 4.47 (d, 1H, J = 4.8), 4.77 (d, 1H, J = 11.6), 5.00 (d, 1H, J = 
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11.6), 5.02 (dd, 1H, J = 2.4, 10.8), 6.42-6.49 (m, 2H), 6.84-6.94 (m, 2H), 7.02-7.17 (m, 5H), 7.20-7.35 (m, 5H). 13C-
NMR (75 MHz) δ 36.2, 41.4, 53.4, 55.3, 59.4, 71.5, 104.1, 113.9, 127.2, 130.0, 131.5, 138.8, 159.6, 163.7. IR (film): ν 
= 1771, 1614, 1587, 1515, 1454, 1250, 1149, 1035, 702 cm-1. C26H25NO4 (415.5): calcd. C 75.16, H 6.06, N 3.37; found 
C 75.23, H 6.00, N 3.05. 
 
(±)-(1S,4aS,7aS,8S,8aR)-1,8-Diphenylperhydroazeto[1,2-b]cyclopenta[e][1,2]oxazin-2-one (23): preparation 
according to procedure in reference 3. Mp (EtOAc/hexane) 145 oC. Rf (EtOAc/hexane : 1/2 + 1% Et3N) = 0.30. 1H-
NMR (300 MHz) δ 1.63-1.70 (m, 1H), 2.19-2.52 (m, 2H), 2.97 (dd, 1H, J = 4.8, 10.4), 3.94 (ddd, 1H, J = 7.5, 9.2, 16.5), 
4.28 (dt, 1H, J = 1.6, 10.2), 4.36 (dd, 1H, J = 4.8, 10.4), 4.54 (d, 1H, J = 4.8), 5.53 (d, 1H, J = 2.9), 6.67-6.82 (m, 2H), 
6.98-7.26 (m, 8H). HRMS calcd for M+ (C20H19NO3): 321.1365 found 321.1365. C20H19NO3 (321.4): calcd. C 74.75, H 
5.96, N 4.36; found C 74.75, H 5.81, N 4.39.  
 
Preparation of 24 and 25 by using conditions B: a solution of lactam 22 (71 mg, 171 µmol) and triethylamine (20.2 
mg, 200 µmol) in chloroform (1.5 mL) was heated at reflux for 4 days. The reaction was diluted with dichloromethane 
and the organic layer was washed with aqueous 1 M ammonium chloride. The aqueous layer was extracted twice with 
dichloromethane. The combined extracts were dried (sodium sulfate), filtered, and evaporated to dryness. The crude 
products were separated using column chromatography (EtOAc/heptane : 1/2) to obtain lactam 24 (49.9 mg, 70%) as a 
white solid and the epimer 25 (15.5 mg, 22%) as a clear oil. 
 
Preparation of 24 by using conditions C: under argon atmosphere, a solution of lactam 22 (48.8 mg, 118 µmol) and 
sodium methoxide (9.5 mg, 1.8 x 102 µmol) in dry tetrahydrofuran (1 mL) was stirred at room temperature. After 15 
minutes the reaction was quenched with an excess of aqueous 1 M ammonium chloride. The resulting mixture was 
extracted three times with dichloromethane. The combined extracts were dried (sodium sulfate), filtered and evaporated 
to dryness. The crude product was purified using column chromatography (EtOAc/heptane : 1/2) to give lactam 24 
(38.5 mg, 78%) as a white solid.  
 
(±)-(2aS,4R,6R,6aR)-4-[(4-Methoxybenzyl)oxy]-2a,6-diphenylperhydropyrano[3,2-b]azet-2-one (24): Mp 
(CH2Cl2/diisopropyl ether) 154 oC. Rf (EtOAc/heptane : 1/2) = 0.24. 1H-NMR (300 MHz) δ 2.25 (dddd, 1H, J = 0.9, 4.2, 
7.2, 14.1), 2.48 (dt, 1H, J = 6.6, 14.1), 3.21 (ddd, 1H, J = 2.7, 4.2, 13.8), 3.78 (s, 3H), 4.03 (dd, 1H, J = 0.9, 2.7), 4.52 (d, 
1H, J = 11.4), 4.95 (d, 1H, J = 11.4), 5.32 (dd, 1H, J = 6.6, 7.2), 5.90 (s, 1H), 6.83-6.88 (m, 2H), 7.15-7.43 (m, 10H), 
7.56-7.61 (m, 2H). 13C-NMR (75 MHz) δ 28.6, 38.8, 55.5, 62.0, 69.3, 87.0, 97.7, 113.8, 125.5, 127.2, 127.3, 128.5, 
128.7, 129.0, 129.6, 130.1, 137.0, 139.8, 159.1, 170.0. HRMS: calcd for M+H+ (C26H26NO4): 416.1862 found 416.1862. 
IR (film): ν = 2941, 1761, 1610, 1506, 1243, 1174, 1104, 1031, 970, 906, 828, 728, 694 cm-1. C26H25NO4 (415.5): calcd. 
C 75.16, H 6.06, N 3.37; found C 75.01, H 5.91, N 3.08. 
 
(±)-(2R,4S,4aR,5R)-2-[(4-Methoxybenzyl)oxy]-4,5-diphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (25): Rf 
(EtOAc/heptane : 1/2) = 0.33. 1H-NMR (300 MHz) δ 2.08 (ddd, 1H, J = 9.0, 12.6, 13.8), 2.18 (ddd, 1H, J = 1.9, 4.2, 
13.8), 3.01 (ddd, 1H, J = 4.2, 9.6, 12.6), 3.61 (dd, 1H, J = 1.2, 9.6), 3.80 (s, 3H), 3.93 (d, 1H, J = 1.2), 4.75 (d, 1H, J = 
Chapter 3 
 46 
11.4), 4.98 (d, 1H, J = 11.4), 5.10 (dd, 1H, J = 1.9, 9.0), 6.86-6.92 (m, 2H), 7.11-7.45 (m, 12H). 13C-NMR (75 MHz) δ 
35.4, 46.5, 55.5, 58.9, 63.7, 71.7, 104.0, 114.0, 126.9, 127.2, 127.73, 127.74, 128.3, 128.8, 129.1, 130.1, 133.8, 138.9, 
159.5, 163.4. HRMS calcd for M+ (C26H25NO4): 415.1784 found 415.1789. IR (film): ν = 2928, 1776, 1513, 1249, 1157, 
1034, 811, 737, 699 cm-1. 
 
(±)-(2aS,3aR,6aS,7S,7aR)-2a,7-Diphenylperhydrofuro[3',2':5,6]pyrano[3,2-b]azet-2-one (26): a solution of nitroso 
acetal 23 (40.2 mg, 125 µmol) and triethylamine (13.2 mg, 130 µmol) in chloroform (1 mL) was heated at reflux for 4 
days. The reaction mixture was evaporated to dryness and the crude product was purified by column chromatography 
(EtOAc/heptane : 1/1) to obtain lactam 26 (36.5 mg, 91%) as a white solid. An analytical sample was obtained by 
crystallization from CH2Cl2/diisopropyl ether. Mp (CH2Cl2/diisopropyl ether) 187 oC. Rf (EtOAc/heptane : 1/1) = 0.21. 
1H-NMR (300 MHz) δ 1.74 (dddd, 1H, J = 3.3, 7.7, 10.7, 12.9), 2.22 (qd, 1H, J = 8.6, 12.9), 2.93-3.06 (m, 1H), 3.40 
(dd, 1H, J = 2.4, 6.0), 3.61 (dt, 1H, J = 8.1, 8.7), 4.11 (dt, 1H, J = 3.2, 8.7), 4.28 (dd, 1H, J = 0.9, 2.4), 5.82 (d, 1H, 7.8 
Hz), 7.20-7.39 (m, 8H), 7.46 (bs, 1H), 7.55-7.64 (m, 2H). 13C-NMR (75 MHz) δ 28.1, 38.6, 40.2, 58.1, 66.0, 86.8, 102.4, 
125.8, 127.1, 127.5, 128.6, 129.0, 136.5, 139.7, 170.9. HRMS: calcd for M+H+ (C20H20NO3): 322.1443 found 322.1435. 
IR (film): ν = 2937, 1757, 1493, 1446, 1174, 1053, 1035, 906, 724, 698 cm-1. C20H19NO3 (321.4): calcd. C 74.75, H 
5.96, N 4.36; found C 74.48, H 5.80, N 4.06. 
 
(±)-Methyl 2-{(3R,6R)-6-[(4-methoxybenzyl)oxy]-1,2-oxazinan-3-yl}acetate (27): to a solution of lactam 13 (48.8 
mg, 185 µmol) in dry tetrahydrofuran (1 mL) was added sodium methoxide (15.3 mg, 283 µmol). The reaction mixture 
was stirred at room temperature for 45 minutes and then quenched with an excess of aqueous 1 M ammonium chloride. 
The resulting mixture was extracted three times with dichloromethane. The combined extracts were dried (sodium 
sulfate), filtered and evaporated to dryness. The ester 27 was purified using column chromatography (EtOAc/heptane : 
1/2). Rf (EtOAc/heptane : 1/2) = 0.11. 1H-NMR (300 MHz) δ 1.37-1.47 (m, 1H), 1.55-1.69 (m, 1H), 1.86-2.04 (m, 2H), 
2.49 (dd, 1H, J = 5.4, 15.9), 2.68 (dd, 1H, J = 8.4, 15.9), 3.34-3.45 (m, 1H), 3.69 (s, 3H), 3.79 (s, 3H), 4.51 (d, 1H, J = 
11.4), 4.71-4.75 (m, 2H), 6.78-6.88 (m, 2H), 7.23-7.29 (m, 2H). 13C-NMR (75 MHz) δ 25.4, 27.1, 36.5, 52.0, 52.7, 55.5, 
69.9, 99.0, 113.9, 129.5, 129.7, 159.2, 172.1. HRMS calcd for M+ (C15H21NO5): 295.1420 found 295.1420. IR (film): ν 
= 2950, 1731, 1610, 1515, 1437, 1299, 1256, 1035, 824 cm-1. 
 
(±)-(2aS,4R,6aR)-4-[(4-Methoxybenzyl)oxy]perhydropyrano[3,2-b]azet-2-one (28): under argon, a solution of 
lactam 13 (56.9 mg, 216 µmol) in dry tetrahydrofuran (1 mL) was cooled to -78 oC and a solution of LDA (400 µL 
0.661 M LDA/THF, 264 µmol) was added gradually over a period of 5 minutes. The reaction mixture was stirred for 1.5 
h and was quenched with an excess of aqueous saturated sodium bicarbonate. The resulting mixture was extracted three 
times with dichloromethane. The extracts were dried (sodium sulfate), filtered and evaporated to dryness. The crude 
products were separated using column chromatography (EtOAc/heptane : 2/1 ) to yield p-methoxybenzyl alcohol (7.6 
mg, 25%) and the lactam 28 (30.4 mg, 53%) as oils. Rf (EtOAc/heptane : 1/1) = 0.11. 1H-NMR (300 MHz) δ 1.73-1.98 
(m, 4H), 3.77 (s, 3H), 3.81-3.86 (m, 1H), 4.43 (d, 1H, J = 11.4), 4.73 (dd, 1H, J = 1.8, 5.4), 4.85 (d, 1H, J = 11.4), 4.92 
(dd, 1H, J = 5.7, 5.7), 6.33 (bs, 1H), 6.80-6.87 (m, 2H), 7.26-7.33 (m, 2H). 13C-NMR (75 MHz) δ 22.2, 23.7, 47.3, 55.5, 
69.0, 76.6, 96.8, 113.7, 129.8, 129.9, 159.0, 170.2. HRMS: calcd for M+ (C14H17NO4): 263.1158 found 263.1155. IR 
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(film): ν = 2941, 1753, 1610, 1511, 1455, 1364, 1303, 1242, 1178, 1152, 1100, 1070, 1035, 945, 910, 824, 728, 646, 
564 cm-1. 
 
(±)-(3S,4R)-4-[(1S)-3-Hydroxy-1-phenylpropyl]-3-phenylazetan-2-one (29): to a solution of lactam 22 (366 mg, 881 
µmol) in dichloromethane/methanol : 1/3 (8 mL) in an autoclave was added Raney nickel (spoontip). The reaction was 
hydrogenated at room temperature and 40 bar of hydrogen for 22 h. The reaction mixture was filtered over Celite® and 
the residue was rinsed with dichloromethane/methanol : 1/1 (2 x 6 mL). The filtrate was evaporated to dryness and the 
crude product was purified with column chromatography (CH2Cl2/methanol : 20/1) to give p-methoxybenzyl alcohol 
(36 mg, 30%) and the alcohol 29 (147 mg, 59%). Mp (CH2Cl2/heptane) 176 oC. Rf (CH2Cl2/MeOH : 9/1) = 0.31. 1H-
NMR (300 MHz) δ 1.66-1.80 (m, 1H), 1.84-1.95 (m, 1H), 2.70 (ddd, 1H, J = 4.4, 10.4, 10.4), 3.26-3.36 (m, 1H), 3.41-
3.50 (m, 1H), 4.26 (dd, 1H, J = 5.4, 10.8), 4.41 (dd, 1H, J = 3.6, 5.4), 6.38-6.49 (m, 2H), 6.74-6.89 (m, 3H), 6.99-7.22 
(m, 5H).  
 
(±)-(3S)-3-[(2R,3S)-4-Oxo-3-phenylazetan-2-yl]-3-phenylpropyl 4-methyl-1-benzenesulfonate (30): to a solution of 
the lactam 29 (99.0 mg, 352 µmol) in dichloromethane (5 mL) was added p-toluenesulfonyl chloride (74.0 mg, 387 
µmol) and triethylamine (59.0 µL, 422 µmol) and the reaction was stirred at room temperature. After 2 days an 
additional amount of p-toluenesulfonyl chloride (74.0 mg, 387 µmol) and triethylamine (59.0 µL, 422 µmol) were 
added and the reaction was continued. After 4 more days the reaction was evaporated to dryness in vacuo and the crude 
product was subjected to column chromatography (EtOAc/heptane : 2/1) to obtain the tosylate 30 (141 mg, 91%) as an 
oil. Rf (CH2Cl2/methanol : 9/1) = 0.72. 1H-NMR (300 MHz) δ 1.69-1.82 (m, 1H), 1.99-2.11 (m, 1H), 2.43 (s, 3H), 2.53 
(ddd, 1H, J = 3.3, 10.5, 11.1), 3.57 (ddd, 1H, J = 5.4, 9.6, 9.6), 3.82 (ddd, 1H, J = 4.5, 6.0, 9.6), 4.14 (dd, 1H, J = 5.4, 
10.5), 4.36 (dd, 1H, J = 2.1, 5.4), 6.24 (d, 2H, J = 7.2), 6.74-7.29 (m, 10H), 7.63 (d, 2H, J = 8.4). 13C-NMR (75 MHz) δ 
21.9, 33.3, 43.1, 57.7, 59.2, 67.7, 126.6, 127.3, 127.6, 127.7, 128.0, 128.1, 129.6, 129.8, 132.2, 132.8, 137.9, 144.7, 
169.3. HRMS: calcd for M+ (C25H25NO4): 435.1504 found 435.1517. 
 
Preparation of lactams 31a and 31b: to a solution of the tosylate 30 (44.1 mg, 101 µmol) in dry tetrahydrofuran (1.5 
mL) at 0 oC was added potassium tert-butoxide (14.6 mg, 130 µmol). After 2 h the reaction was quenched with an 
excess of aqueous 1 M ammonium chloride. The aqueous layer was extracted three times with dichloromethane. The 
combined extracts were dried (magnesium sulfate), filtered, and evaporated to dryness. The crude product was 
subjected to column chromatography (EtOAc/heptane : 1/4) to give the lactam 31a (63%) and the lactam 31b (4.7 mg, 
18%). 
 
(±)-(1R,6S,6aR)-1,6-Diphenylperhydroazeto[1,2-a]pyrrol-2-one (31a): Rt = 11.0 min. (Meth. A) 1H-NMR (300 MHz) 
δ 2.36 (dddd, 1H, J = 9.0, 9.6, 11.7, 13.0), 2.65 (dddd, 1H, J = 1.8, 7.2, 7.2, 13.0), 3.10 (ddd, 1H, J = 7.2, 8.4, 11.7), 
3.25 (ddd, 1H, J = 1.8, 9.0, 10.8), 3.71 (dd, 1H, J = 1.5, 8.4), 3.75 (ddd, 1H, J = 7.2, 9.6, 10.8), 4.13 (d, 1H, J = 1.5), 
7.19-7.35 (m, 10H). 13C-NMR (75 MHz) δ 38.2, 45.2, 50.2, 60.4, 66.4, 127.08, 127.11, 127.3, 127.4, 128.79, 128.80, 
135.2, 139.2, 175.2. HRMS calcd for M+ (C18H17NO): 263.1310 found 263.1304. IR (film): ν = 3023, 1753, 1321, 1299, 
754, 698 cm-1. 
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(±)-(1S,6S,6aR)-1,6-Diphenylperhydroazeto[1,2-a]pyrrol-2-one (31b): Rt = 10.4 min. (Meth. A) 1H-NMR (300 MHz) 
δ 2.23-2.40 (m, 1H), 2.42-2.54 (m, 1H), 2.68 (ddd, 1H, J = 8.4, 8.4, 11.7), 3.19-3.29 (m, 1H), 3.66 (ddd, 1H, J = 7.5, 
9.9, 10.8), 4.00 (dd, 1H, J = 5.1, 8.4), 4.75 (d, 1H, J = 5.1), 6.68-6.77 (m, 2H), 7.22-7.30 (m, 5H), 7.09-7.30 (m, 3H). 
13C-NMR (75 MHz) δ 38.6, 45.3, 46.3, 54.8, 63.8, 126.7, 127.3, 127.5, 128.38, 128.39, 128.5, 133.4, 139.4, 177.3. 
HRMS calcd for [M+H]+ (C18H18NO): 264.1388 found 264.1378. IR (film): ν = 3024, 1757, 1329, 1295, 754, 698 cm-1.  
 
(±)-(2S,4S,4aR,5S)-2-[(4-Methoxybenzyl)oxy]-4,5-diphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (32): to a 
solution of lactam 22 (197 mg, 474 µmol) in anhydrous tetrahydrofuran (2.5 mL) was added a 3 M solution of AlH2Cl 
(8 mL, 1.42 mmol).31 The reaction was stirred at room temperature for 16 h and then the reaction was diluted with 
diethyl ether. The organic layer was washed with water and brine. The organic layer was dried (sodium sulfate), filtered, 
and concentrated using rotary evaporation. The crude product was purified using column chromatography 
(EtOAc/heptane : 3/10 + 1% Et3N) to give the epimer 32 (160 mg, 81%) as an oil. Rf (EtOAc/heptane : 1/4) = 0.22. 1H-
NMR (300 MHz) δ 1.92 (ddd, 1H, J = 2.4, 4.2, 13.8), 2.18 (ddd, 1H, J = 2.4, 13.8, 13.8), 3.16 (ddd, 1H, J = 4.2, 9.9, 
13.8), 3.83 (s, 3H), 4.02 (dd, 1H, J = 4.5, 9.9), 4.46 (d, 1H, J = 4.5), 4.67 (d, 1H, J = 10.8), 5.10 (dd, 1H, J = 2.4, 2.4), 
5.19 (d, 1H, J = 10.8), 6.36-6.46 (m, 2H), 6.88-6.96 (m, 2H), 7.00-7.13 (m, 5H), 7.14-7.32 (m, 3H), 7.39-7.47 (m, 2H). 
13C-NMR (75 MHz) δ 33.6, 34.0, 55.39, 55.42, 60.7, 70.4, 99.3, 113.8, 126.8, 127.4, 127.6, 128.1, 128.6, 129.8, 130.5, 
131.6, 139.8, 159.3, 166.0. 
 
(±)-(4S,4aR,5S)-4,5-Diphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (33): to a solution of acetal 22 (56.3 mg, 136 
µmol) in chloroform (1.0 mL) was added triethylsilane (217 µL, 1.36 mmol) and trifuoroacetic acid (104 µL, 1.36 
mmol). The reaction was stirred at room temperature for 18 h. The reaction was diluted with aqueous 1 M ammonium 
chloride and the reaction mixture was extracted three times with dichloromethane. The combined extracts were dried 
(sodium sulfate), filtered, and evaporated to dryness. The crude product was subjected to column chromatography 
(EtOAc/heptane : 1/2) to give the N-organyloxy lactam 33 (13.0 mg, 34%) as an oil. An analytical sample was obtained 
by crystallization from dichloromethane/diisopropyl ether. Rf (EtOAc/heptane : 1/2) = 0.40. 1H-NMR (300 MHz) δ 2.01 
(dddd, 1H, J = 3.0, 4.8, 7.9, 13.5), 2.61 (dddd, 1H, J = 7.8, 10.2, 10.2, 13.5), 3.23 (ddd, 1H, J = 4.8, 7.7, 10.2), 3.53 
(ddd, 1H, J = 7.9, 10.2, 14.7), 3.88 (ddd, 1H, J = 3.0, 7.8, 14.7), 4.23 (dd, 1H, J = 7.7, 7.7), 4.75 (d, 1H, J = 7.7), 6.41-
6.49 (m, 2H), 6.97-7.06 (m, 3H), 7.19-7.28 (m, 5H). 13C-NMR (75 MHz) δ 34.8, 44.9, 51.9, 58.7, 80.0, 126.2, 126.5, 
127.9, 128.4, 128.6, 129.3, 131.8, 143.0, 173.2. HRMS calcd for M+ (C18H17NO2): 279.1259 found 279.1262. IR (film): 
ν = 3028, 1770, 1152, 698 cm-1. 
 
(±)-(4S,6R)-6-[(4-Methoxybenzyl)oxy]-4-phenyl-5,6-dihydro-4H-1,2-oxazine (34): to a solution of the lactam 22 
(103 mg, 247 µmol) in dry tetrahydrofuran (1 mL) at room temperature was added a 1 M solution of 
diisobutylaluminium hydride (0.3 mL, 3 x 102 µmol). After 20 h the reaction was quenched with an excess of aqueous 1 
M ammonium chloride. The aqueous layer was extracted three times with dichloromethane. The combined extracts 
were dried (sodium sulfate), filtered, and evaporated to dryness. 1H-NMR (300 MHz) δ 2.07 (ddd, 1H, J = 6.3, 8.1, 
13.5), 2.44 (ddd, 1H, J = 3.2, 8.1, 13.5), 3.50 (ddd, 1H, J = 2.1, 8.1, 8.1), 3.79 (s, 3H), 4.58 (d, 1H, J = 11.4), 4.86 (d, 
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1H, J = 11.4), 5.15 (dd, 1H, J = 3.2, 6.3), 6.80-6.89 (m, 2H), 7.16-7.33 (m, 7H), 7.38 (d, 1H, J = 2.1). 13C-NMR (75 
MHz) δ 33.7, 37.0, 55.3, 69.8, 96.2, 113.6, 127.1, 127.7, 128.7, 129.0, 129.5, 139.6, 152.8, 159.0. HRMS: calcd for M+ 
(C18H19NO3): 297.1365 found 297.1365. 
 
(±)-(2S)-2-(3R,4S,6R)-6-[(4-Methoxybenzyl)oxy]-4-phenyl-1,2-oxazinan-3-yl-2-phenylethan-1-ol (35): to a solution 
of the lactam 22 (99.3 mg, 239 µmol) in anhydrous tetrahydrofuran (1 mL) at -78 oC was added lithium aluminum 
hydride (21.0 mg, 550 µmol). The reaction mixture was slowly warmed to room temperature and after 20 h the reaction 
was quenched with an excess of aqueous 1 M ammonium chloride. The aqueous layer was extracted three times with 
dichloromethane. The combined extracts were dried (sodium sulfate), filtered, and evaporated to dryness. The crude 
product was subjected to column chromatography (EtOAc/heptane : 1/2) to give p-methoxybenzyl alcohol (18.0 mg, 
55%) and the amino alcohol 35 (33.7 mg, 34%). Rf (EtOAc/heptane : 1/2) = 0.19. 1H-NMR (300 MHz) δ 1.84 (ddd, 1H, 
J = 9.0, 12.3, 13.2), 2.01 (ddd, 1H, J = 3.0, 4.5, 13.2), 2.59 (ddd, 1H, J = 4.5, 10.5, 12.3), 2.75 (dt, 1H, J = 3.6, 6.3), 
3.69 (dd, 1H, J = 3.6, 10.5), 3.76 (s, 3H), 3.84 (d, 2H, J = 6.3), 4.52 (d, 1H, J = 11.4), 4.58 (dd, 1H, J = 3.0, 9.0), 4.80 (d, 
1H, J = 11.4), 6.77-6.86 (m, 2H), 7.10-7.35 (m, 12H). 13C-NMR (75 MHz) δ 39.5, 44.8, 47.8, 55.5, 62.7, 65.5, 70.4., 
102.1, 113.8, 127.0, 127.2, 127.8, 128.5, 128.9, 129.4, 129.5, 129.7, 137.6, 141.7, 159.1. MS (CI): m/z (%) 420 (5) 
[M+H]+, 402 (3) [M-OH]+, 282 (23) [M-pMBO]+, 121 (100). HRMS calcd for [M+H]+ (C26H30NO4): 420.2175 found 
420.2185. IR (film): ν = 3028, 2872, 1610, 1515, 1247, 1040, 763, 737, 703 cm-1. 
 
Crystal Structure Determinations:6 crystals suitable for X-ray diffraction studies were grown by slow evaporation 
from CH2Cl2/heptane for 3, EtOAc/heptane for 13, CH2Cl2/diisopropyl ether for 17a, and CH2Cl2/diisopropyl ether for 
21. Single crystals were mounted in air on glass fibres. Intensity data were collected at room temperature for 3, 17a, and 
21 and at -65 oC for 13. An Enraf-Nonius CAD4 single-crystal diffractometer was used for 3 and 21 (ω-2θ scan mode) 
and a Nonius KappaCCD diffractometer for 13 and 17a (φ and ω scan mode), all using graphite monochromated Mo-
Kalpha radiation. The structures were solved by the program CRUNCH32 and were refined with standard methods using 
SHELXL9733 with anisotropic parameters for the nonhydrogen atoms. For 3 and 21 all hydrogens were placed at 
calculated positions and were refined riding on the parent atoms. For 13 and 17a the hydrogens were initially placed at 
calculated positions and were freely refined subsequently. Crystallographic data and parameters of the refinements are 
listed in table 3.3. 
 
Table 3.3 Crystallographic data and parameters for the compounds 3, 13, 17a, and 21. 
Compound 3 13 17a 21 
Emperical formula C22H24N2O5 C14H17NO4 C22H25NO5S C22H23NO3 
Molecular mass 396.43 263.29 415.49 349.41 
Temperature, K 293(2) 208(2) 293(2) 293(2) 
Wavelength, Å 0.71073 0.71073 0.71073 0.71073 
Crystal system monoclinic orthorhombic monoclinic triclinic 
Space group P21/c P212121 P21/a P-1 
Unit cell dimension (Å, o)     
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A 21.719(6) 6.2622(4) 10.4721(5) 10.939(2) 
B 9.2550(13) 13.6803(16) 14.907(4) 10.847(6) 
C 21.821(4) 15.5130(17) 12.532(4) 17.982(6) 
α 90 90 90 83.02(4) 
β 111.139(19) 90 90.789(11) 76.50(2) 
γ 90 90 90 63.10(2) 
Volume (Ǻ3) 4091.2(15) 1329.0(2) 1956.2(9) 1849.9(13) 
Z 8 4 4 4 
Density (calculated, mg/m3) 1.287 1.316 1.411 1.255 
µ, mm-1 0.092 0.097 0.201 0.083 
F(000) 1680 560 880 744 
Crystal size, mm 0.31×0.16×0.07 0.25×0.15×0.08 0.36x0.10x0.09 0.40×0.36×0.14 
θ range (o) 2.75-25.00 3.51-27.52 5.01-24.99 3.11-21.98 
Reflections collected 7364 17409 30282 4681 
Independent reflections [Rint] 7164 [0.0592] 3016 [0.0428] 3423 [0.0509] 4503 [0.1644] 
Refinement method Full-matrix least-squares on F2 
Data/restraint/parameters 7164/937/535 3017/0/240 3423/0/362 4503/824/471 
Goodness-of-fit on F2 0.971 1.055 1.052 0.986 
R1, wR2 indices [I>2σ(I)] 0.1066, 0.1468 0.0473, 0.0793 0.0433, 0.0909 0.1211, 0.1242 
R1, wR2 indices (all data) 0.3562, 0.2209 0.0760, 0.0863 0.0639, 0.0988 0.4309, 0.1986 
Largest diff. peak and hole, 
e⋅Ǻ-3 
0.248 and -0.215 0.127 and -0.174 0.455 and -0.290 0.249 and -0.245 
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Chapter 4 
 
Solution and solid phase synthesis of spirohydantoins 
 
Abstract: An efficient method for the solution and solid phase synthesis of 1,3-diazaspiro[4,5]dec-7-ene-2,4-diones (1) 
is presented. Spirohydantoins 1 are prepared via: i) condensation of alkyl nitroacetates with aldehydes or derivatives 
thereof to obtain a nitroalkene, ii) high pressure assisted Diels-Alder reaction of this nitroalkene with 2,3-dimethylbuta-
1,3-diene, iii) chemoselective (homogeneous) reduction of the nitro group of the cycloadduct, iv) reaction of the amine 
with an isocyanate, and finally v) cyclization/cleavage. 
In the solid-phase approach, the polymeric support and the procedure used for the Knoevenagel condensation have a 
pronounced effect on the purity and the yield of spirohydantoins 1 after cyclization/cleavage. Optimal conditions are 
found upon application of the hydroxymethylene (Merrifield-OH) resin and the Babievskii modification of the 
Knoevenagel condensation. To validate the solid phase synthetic procedure, an 80-membered library of 1,3-
diazaspiro[4,5]dec-7-ene-2,4-diones (1) is prepared. 
 
 
4.1 Introduction 
 
In pharmaceutical industry there is considerable interest in the synthesis of small drug-like 
molecules, particularly those with polyfunctional heterocyclic structures. The hydantoin moiety is 
present in a wide range of biologically active compounds including anticonvulsant, antiarrythmic, 
antitumor, antibiotic, and anxiolytic agents (e.g. sorbinil and phenytoin, figure 4.1).1 For this reason 
the chemistry of hydantoins has attracted significant interest.2  
 
O
HN
NH
O
O
HN
H
NO
O
Ph Ph
Sorbinil Phenytoin
Aldose reductase inhibitor Antiepileptic
F
 
Figure 4.1 Biologically active hydantoins. 
 
As continuation of our research program on the application of nitro- and cyanoalkenes in 
cycloaddition reactions leading to conformationally constrained aryl-ethyl/propyl-amines and 
derivatives thereof, research was set out to study the preparation of compounds in which an 
arylethylamide moiety is fixed within a 1,3-diazaspiro[4,5]dec-7-ene-2,4-dione (1) (Figure 4.2). 
These spirohydantoins may be accessed from a cyclic α-amino ester 2 by coupling with an 
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isocyanate followed by ring closure. An important feature of this approach is the implementation of 
a cyclization/cleavage step in the reaction sequence which is especially beneficial with respect to 
product purities in a solid phase approach.3 If compound 2 is anchored to an insoluble resin (R1 = 
resin), in principle only the product arising from reaction of compound 2 with an isocyanate is able 
to cleave from the resin whereas side products and/or precursors remain attached to the solid 
support. In turn, amino ester 2 can be obtained by a (high pressure assisted) Diels-Alder reaction of 
α,β-unsaturated nitro ester 3 followed by selective reduction of the nitro group. Finally, compound 
3 can be derived from a (polymer supported) nitro acetic ester 4 via a condensation reaction with an 
aldehyde or a derivative thereof. 
 
R1O
O
NO2
R2
NH2
R1O
O
R2R2
N
N
H
O
O
R4
R3 R3 R1O
O
NO2
1 2 3 4  
Figure 4.2 Retrosynthesis of 1. 
 
The reaction sequence in figure 4.2 allows the introduction of different side groups on the 1,3-
diazaspiro[4,5]dec-7-ene-2,4-dione scaffold by application of a variety of aldehydes (R2), dienes 
(R3), and isocyanates (R4). The solution phase synthesis of these spirohydantoins is described in the 
first section. In the second part of this chapter the solid phase approach is investigated. This chapter 
is concluded with the synthesis of a library of hydantoins.  
 
4.2 Results and discussion 
 
4.2.1 Solution phase synthesis of spirohydantoins 
 
The preparation of a 1,3-diazaspiro[4,5]dec-7-ene-2,4-dione (1) began with the synthesis of an ester 
of nitro acetic acid. Since the ester is cleaved in the final cyclization step, the alcohol used for the 
esterification does not influence the molecular composition of final products, and therefore the 
methyl ester of nitroacetic acid was used. Methyl nitroacetate (6) was prepared according to a 
known procedure by self condensation of nitromethane to give the potassium salt of nitroacetic acid 
5, followed by acidification of the salt in the presence of methanol (Scheme 4.1).4 
 
CH3NO2 O2NCHKCOOK MeO
O
NO2
5 6
a b
 
Scheme 4.1 Conversion of nitromethane to 6. Reagents and conditions: a) KOH, H2O, reflux; b) H2SO4, MeOH, 0 oC. 
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Next, the condensation of methyl nitroacetate (6) with aromatic and aliphatic aldehydes, or with the 
corresponding Schiff bases thereof, to obtain an α,β-unsaturated nitro ester 3 was studied. First, the 
reaction of methyl nitroacetate (6) with a Schiff base following the procedure from Babievskii was 
investigated (Scheme 4.2).5  After formation of N-phenyl-N-[(E)-1-phenylmethylidene]amine (7) 
from benzaldehyde and aniline, compound 7 and methyl nitroacetate were heated in acetic 
anhydride to give nitroalkene 8 in a yield of 71% and in an E/Z-ratio of 1/2.  
When the product from the reaction between propionaldehyde and aniline was allowed to react with 
methyl nitroacetate (6) in acetic anhydride, quinoline 12 was obtained in 38% after column 
chromatography. Compound 12 is formed via isomerization of the aliphatic imine 9 to enamine 10, 
followed by a formal aza-Diels-Alder reaction between 9 and 10 to obtain tetrahydroquinoline 11, 
and finally acylation to give the compound 12.6,7  
To synthesize a α,β-unsaturated nitroacetate from an aliphatic aldehyde, the procedure from Lehnert 
using titanium (IV) chloride was employed.8 Treatment of methyl nitroacetate and isobutyraldehyde 
with titanium (IV) chloride in the presence of N-methylmorpholine gave nitroalkene 13 in 51% as a 
mixture of E/Z-isomers in a ratio of 1/3 (Scheme 4.2). To prevent decomposition during column 
chromatography, nitroalkene 13 was purified by distillation. 
 
NO2MeO
O
R1R
1 N
H2N
HR1
+ R1 = Ph
R1 = Et
N
+ N
H
N
NHPh
R2
11 R2 = H
12 R2 = Ac
Ac2O
NO2MeO
O
8 R1 = Ph7 R1 = Ph
9 R1 = Et
10
a b c
13 R1 = i-Pr
6
9
O
 
Scheme 4.2 Synthesis of 8 and 13 and formation of undesired product 12. Reagents and conditions: a) Et2O, MgSO4, rt, 
20 h, 100%; b) 6, Ac2O, 50 oC, 20 h, 71%; c) (CH3)2CHCHO, TiCl4, N-methylmorpholine, THF, rt, 22 h, 51%. 
 
When it was attempted to use microwave irradiation9 for the condensation of methyl nitroacetate 
and benzaldehyde, 10  the nitroalkene 8 was obtained in low to moderate yield after column 
chromatography (Scheme 4.3). Analysis of the crude reaction mixture revealed that the product of 
the microwave assisted reaction is the nitro alcohol 14 which upon column chromatography 
partially dehydrates to give the nitroalkene 8. To obtain a good yield of the desired nitroalkene, the 
crude nitroalcohol 14 was reacted with acetic anhydride to obtain nitroalkene 8 in 75%.  
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Scheme 4.3 Conversion of 6 to 8. Reagents and conditions: a) NH4OAc, THF, 500 W, 30 min; b) Ac2O, 80 oC, 1 h, 
75%. 
 
Because of the ease of operation and the mild reaction conditions, the Babievskii modification of 
the Knoevenagel condensation5 but also the microwave assisted Henry reaction/dehydration method 
appear most apt for translation to the solid phase. Although aliphatic and aromatic aldehydes are 
tolerated in the titanium (IV) chloride mediated Knoevenagel condensation,8 this procedure requires 
stringent anhydrous reaction conditions and is not compatible with acid labile linkers. For this 
reason only the Babievskii procedure and the microwave assisted Henry reaction/dehydration 
method were explored in the solid-phase approach (see section 4.2.2).  
The alkenes 8 and 13 were converted to the cycloadducts 15 and 16, by using a high pressure 
assisted reaction with 2,3-dimethylbuta-1,3-diene, in a yield of 85% and 43% respectively (Scheme 
4.4). Although different dienes can be applied in the Diels-Alder reaction, for sake of simplicity, 
2,3-dimethylbuta-1,3-diene was selected because the resulting cycloadducts 15 and 16 are:  i) 
chemically robust; ii) easy to purify; and iii) easy to characterize. The cycloadducts 15 and 16 were 
obtained as a mixture of cis/trans isomers in a ratio reflected by the E/Z ratio of the alkenes 8 and 
13.  
The cis/trans mixture of cycloadducts 15 and 16 was reduced by catalytic hydrogenation using 
Raney nickel to give the amines 17a and 17b and the amines in 18a and 18b in good yield (Scheme 
4.4). The cis/trans mixture of the amines 17 and 18 was easily separated using column 
chromatography. 
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R
NH2
MeO
O
+
17b R = Ph
18b R = i-Pr
NO2MeO
O
R
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Scheme 4.4 Conversion of 8 and 13 to 17 and 18. Reagents and conditions: a) 2,3-dimethylbuta-1,3-diene, CH2Cl2, 1.5 
GPa, 5 h, 85% for 15; 2,3-dimethylbuta-1,3-diene, CH2Cl2, 1.5 GPa, 16 h, 43% for 16; b) Raney-Ni, H2, MeOH/EtOAc, 
2 h, 87% for 17; Raney-Ni, H2, EtOH, 23 h, 76% for 18;  c) 1.0 M SnCl2⋅2H2O, THF/MeOH:10/1, rt, 20 h, 95%. 
 
Because heterogeneous reduction methods are not applicable in a solid-phase approach, the 
reduction of the cycloadduct 15 using homogeneous reagents was investigated. From previous work, 
it was known that tin (II) chloride in ethyl acetate can be used for the chemoselective reduction of a 
nitro group.10 After optimalization, it was found that using a 1.0 M solution of tin (II) chloride in 
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tetrahydrofuran/water, cycloadduct 15 could be converted to the amines 17a and 17b in a yield of 
95% (Scheme 4.4). 
Having a homogeneous method for the reduction of a nitro group on hand, the synthesis to 
spirofused hydantoins 1 was continued by coupling of phenyl isocyanate to the amines 17a and 18a 
to give the compounds 19a and 20a in quantitative yield (Scheme 4.5).  
To obtain the spirohydantoins 21a and 22a, only ring closure of the compounds 19a and 20a was 
required. For this purpose the amines 19a and 20a were reacted with triethylamine in 
tetrahydrofuran or ethylene glycol dimethyl ether at room temperature and at elevated temperatures, 
but no cyclization occurred. Treatment of the amine 20a with sodium hydride in tetrahydrofuran 
also did not effect the formation of spiro hydantoin 22a. However, when the cyclization was 
performed using potassium tert-butoxide, the hydantoins 21a and 22a were obtained in yields of 
90% and 79% respectively. The stereochemistry of hydantoin 21a was secured by X-ray analysis 
(Figure 4.3). 
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Scheme 4.5 Synthesis of hydantoins 21a  and 22a. Reagents and conditions: a) PhNCO, CH2Cl2, rt, 0.5 h, 100% for 19a; 
PhNCO, CH2Cl2, rt, 18 h, 100% for 20a; b) KOt-Bu, THF, rt, 23 h, 90% for 21a; KOt-Bu, THF, rt, 21 h, 79% for 22a. 
 
 
Figure 4.3 PLATON11 drawing of hydantoin 21a. 
 
4.2.2 Solid phase synthesis of spirohydantoins 
 
After the successful synthesis of hydantoins 21a and 22a in solution, an attempt was made to 
translate this synthetic route to the solid-phase. Because of the possibility to cleave intermediate 
products from the resin, the Wang resin was selected as polymeric support. Nitroacetic acid (23) 
was esterified with the Wang resin using 1,3-diisopropylcarbodiimide (DIC) and N-
hydroxybenzotriazole (HOBt) to give resin bound nitro acetic acid 24 (Scheme 4.6).12 In the IR 
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spectrum both a strong C=O vibration (ν ~ 1754 cm-1) and a nitro vibration (ν ~ 1563 cm-1) were 
observed.13  
Next, the Knoevenagel condensation of resin bound nitroacetic acid 24 with benzaldehyde using 
microwave irradiation was studied (Scheme 4.6). Treatment of compound 24 with benzaldehyde 
and ammonium acetate, followed by reaction with acetic anhydride gave nitroalkene 25. In 
agreement with the spectral properties of methyl (Z/E)-2-nitro-3-phenylprop-2-enoate (8), IR 
analysis showed the C=O vibration at ν ~ 1736 cm-1 and the NO2 vibration at ν ~ 1536 cm-1.  
After a high pressure promoted Diels-Alder reaction with 2,3-dimethylbuta-1,3-diene, the 
cycloadduct 26 was obtained. IR analysis indicated the disappearance of the C=C vibration (ν ~ 
1643 cm-1), and a shift of the NO2 vibration to ν ~ 1552 cm-1. 
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Scheme 4.6 Synthesis of 26 from 23. Reagents and conditions: a) DIC, HOBt, THF; b) PhCHO, NH4OAc, THF, 500 W, 
0.3 h; c) Ac2O, 250 W, 0.3 h; d) 2,3-dimethylbuta-1,3-diene, CH2Cl2, 1.5 GPa, rt. 
 
Further evidence for the formation of cycloadduct 26 came from cleavage of the cycloadduct from 
the resin using trifluoroacetic acid to afford compound 27 in a yield of 67% (scheme 4.7). The 
stereochemistry of compound 27 was established by the preparation of 27 from the trans-isomer 28 
by treatment with lithium hydroxide and subsequent reaction with acetic acid.14 The stereoselective 
formation of compound 27 from the cis/trans mixture of cycloadduct 26 can be explained by 
formation of the aci-nitro intermediate 29, followed by protonation of the aci-nitro intermediate 29 
from the least hindered side.14 
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Scheme 4.7 Formation of 27 from 26. Reagents and conditions: a) TFA, CH2Cl2, rt; b) LiOH, THF, MeOH; c) AcOH. 
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The nitro group of cycloadduct 26 was reduced using tin (II) chloride to give the amine 30 (Scheme 
4.8). The amine 30 was converted to compound 31 by treatment with phenyl isocyanate for 18 
hours at room temperature. After cyclization of compound 31 using potassium tert-butoxide, the 
hydantoins 21a and 21b were isolated in a purity of 50% and in a yield of 45% (Table 4.1). IR 
analysis indicated that the reaction was complete and that no starting material remained on the solid 
phase.  
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Scheme 4.8 Solid-phase synthesis of 21a and 21b from 26. Reagents and conditions: a) 1.0 M SnCl2⋅2H2O, 
THF/MeOH:10/1; b) PhNCO, CH2Cl2, rt; c) KOt-Bu, THF 
 
The low purity and yield of the overall reaction sequence might be the result of premature cleavage 
of an intermediate product from the acid labile Wang resin. Application of an acid stabile linker 
should prevent this problem and therefore the reaction sequence was repeated using the hydroxyl 
methylene (Merrifield-OH) resin. All reactions were performed using the same procedure as for the 
Wang resin (Scheme 4.9). Thus, coupling of nitroacetic acid (23) with the hydroxyl methylene resin 
to give 32, Knoevenagel condensation with benzaldehyde to yield 33 (procedure A, scheme 4.9), 
high pressure assisted Diels-Alder reaction with 2,3-dimethylbuta-1,3-diene to obtain 34, reduction 
with tin (II) chloride to give 35, and finally coupling with phenyl isocyanate to obtain 36.  
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Scheme 4.9 Solid phase synthesis of hydantoins 21a and 21b starting from hydroxymetylene resin. Reagents and 
conditions: A) 1. NH4OAc, PhCHO, 500 W, 20 min. 2. Ac2O, 250 W, 20 min.; B) PhCH=NPh, Ac2O, 60 oC. 
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After cyclization cleavage, the hydantoins 21a and 21b were obtained in an overall yield of 64% 
and in a purity of 85% (Table 4.1). IR analysis of the remaining resin showed that the C=O 
vibration had disappeared indicating full conversion. After column chromatography the hydantoin 
21a and hydantoin 21b were obtained in a combined yield of 45% and in a ratio of 46/54 
respectively. Thus by application of the Merrifield-OH resin in stead of the Wang resin, both the 
yield and the purity of the hydantoins 21a and 21b after cleavage is higher. 
As was discussed in section 4.2.1, in principle, compound 33 can also be prepared using the 
Babievskii modification of the Knoevenagel condensation. Upon reaction of polymer supported 
nitro acetic acid 32 with N-phenyl-N-[(E)-1-phenylmethylidene]amine (7) in acetic anhydride, 
nitroalkene 33 was obtained (Scheme 4.9). All other reactions leading to the hydantoins 21a and 
21b were performed using the same procedure as described before. After cyclization cleavage, the 
hydantoins 21a and 21b were obtained in a purity of 97%. The hydantoins were subjected to a short 
silica column to give hydantoins 21a and 21b in a combined yield of 70% (Table 4.1).   
Table 4.1 Results of solid-phase synthesis of hydantoins 21a and 21b. 
 Resin Procedurea Purity (%)b Yield (%)c 
1 Wang A 50 45 
2 Merrifield-OH A 85 45d 
3 Merrifield-OH B 97 70d 
a Procedure used for condensation, see scheme 4.9. b Purity of crude product after cyclization/cleavage according to GC. 
c Overall yield of the reaction sequence. d Overall yield of the reaction sequence after short silica column. 
 
Based on the results summarized in table 4.1, it was decided to prepare a library of spirohydantoins 
using the hydroxymethylene (Merrifield-OH) resin and the Babievskii procedure for condensation 
of alkyl nitroacetates with Schiff bases. 
 
4.2.3 Preparation of library of spirohydantoins 
 
To validate the methodology that was outlined in the previous section, a library of 1,3-
diazaspiro[4,5]dec-7-ene-2,4-diones (1) was prepared. For this purpose a series of ten different 
imines (R1CH=NPh) and eight different isocyanates (R2NCO) to give an 80 membered library of 
spiro hydantoins (1) was used. In principle, this library might be extended into a third dimension by 
applying a series of dienes in the Diels-Alder reaction, however for sake of simplicity and to avoid 
large variations in reaction conditions 2,3-dimethylbuta-1,3-diene was used in the (4+2) 
cycloaddition reaction.  
After cyclization/cleavage from the resin, the yield of the products was determined gravimetrically. 
The spirohydantoins were characterized and checked for purity using LC-MS (Table 4.2). 
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Table 4.2 Synthesis of 80-membered library of hydantoins. 
O
O
N N
HN
N
MeO NC
N
C D
E F G
H I J
NC MeO
O
N
OEt
O
a b c
d e f
g h
R1 = R2 =
A B
R1
N
N
H
O
O
R2
 
 
 A B C D E F G H I J 
a 90 54 34 51 3 4 64 18 39 9 
b 89 47 32 44 5 5 53 16 29 12 
c 84 58 47 60 5 3 63 17 42 17 
d 53 27 14 17 3 1 29 8 24 7 
e 81 59 54 63 4 3 63 18 40 11 
f 77 51 31 44 2 3 50 16 36 12 
g 75 50 38 55 1 3 57 16 44 8 
h 12 30 22 25 2 2 33 3 24 3 
Gravimetrically determined yield (%), purity according to LC-MS equipped with ELS detector 
 >90% purity 
 >50% purity 
 No product detected 
 
As can be seen in table 4.2, most hydantoins of the compound library were obtained in moderate to 
good yield and in high purity (> 90%). With the exception of the hydantoins in columns E, F, and J, 
the overall yield of the reactions varied between 12 and 90%. The purity of nearly 90% of the 
hydantoins in the columns A-D and G-I was higher than 90%. For most of the products the 
anticipated molecular mass was detected with MS. However, for a number of compounds in row b 
and all the compounds in row h deviating masses were detected: MH+18 for Ab, Bb, Db, Gb, and 
M-OEt for Ah, Bh, Dh, Gh, Ih. 
 
4.3 Conclusions 
 
The solution phase synthesis of spirofused hydantoins 21a and 22a was accomplished in five (or six) 
steps from methyl nitroacetate. Key feature of the synthetic sequence was a condensation reaction 
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of methyl nitroacetate with i) an aldehyde using a microwave assisted Henry reaction followed by 
dehydration, or with ii) a Schiff base using the Babievskii method. The synthesis of hydantoins 21a 
and 22a was completed by a high pressure assisted Diels-Alder reaction, reduction of the nitro 
group using Raney nickel or tin (II) chloride, coupling with phenyl isocyanate, and finally ring 
closure using potassium tert-butoxide.   
The solid-phase synthesis of hydantoins 21a and 21b was investigated and optimized. The 
procedure used for the condensation of polymer supported nitro acetic acid with the aldehyde (or 
Schiff base) was found to have a pronounced effect on the purity and the yield of the hydantoins 
21a and 21b after cyclization/cleavage. Optimal conditions were found for the hydroxymethylene 
(Merrifield-OH) resin and the Babievskii modification of the Knoevenagel condensation. 
The methodology was applied to the preparation of an 80-membered library of spirohydantoins. 
Most hydantoins were obtained in reasonable yield and in good purity. 
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4.5 Experimental section 
 
General remarks: for general experimental details, see section 2.5. 
GC spectra were recorded on a Hewlett Packerd 5890 series 2 gas chromatograph equipped with a HP3396 series II 
integrator and a HP-1 (crosslinked methyl siloxane) column using the following program: initial temp. 100 oC, 0 min; 
rate 15 oC/min; final temp. 250 oC, 10 min. Microwave experiments were conducted using a Milestone Lavis-1000 basic.  
 
Solid phase reactions: Wang resin was purchased from Rapp Polymere GmbH and hydroxymethylene (Merrifield-OH) 
resin from Aldrich. All resins were 100-200 mesh, crosslinked with 1% divinylbenzene. Calculations were based on the 
indicated loadings as specified by the manufacturer. All solid phase reactions were conducted in regular flasks and were 
agitated by gentle stirring with a magnetic stirrer bar. The standard protocol for work-up involved filtration of the 
reaction mixture over a P3 glass filter followed by extensive washing of the resin using several swell and squeeze cycles 
(usually methanol/dichloromethane). After washing, the resin was dried in a vacuum oven at 70 oC and 400 mbar or by 
drying using an oil pump attached to a cold trap operating at 1 torr and at the indicated temperature. IR spectra of 
products or intermediates were measured only after washing and drying of the resin. The spectra were recorded on an 
Anadis Thermo Mattson IR300 spectrometer.  
 
Parallel synthesis: LC-MS measurements were carried out using a Sciex API 150EX (single quadrupole), coupled to 2 
Perkin Elmer micropumps (series 200) and equipped with a Perkin Elmer 785A UV-spectrophotometer operating at 254 
Solution and solid phase synthesis of spirohydantoins 
 63
nm and a Sedex 55 ESL detector. MS parameters: APCI method: positive scanning area of 150 tot 750 step 1. (2 
scans/sec; 350 °C, 2 µA on the corona-needle). LC-analysis: 2.8 min/cycle (flushed with eluent A; 2.5 min. eluent B; 
0.3 min. eluent A). Eluent A = 95% water, 5% acetonitrile, and 0.25% formic acid; Eluent B = 100% acetonitrile with 
0.25% formic acid. RP Column: Waters Xterra MS column, 30 x 4.6 mm, C18; dp of 2.5µm. 
All parallel experiments were performed at Solvay Pharmaceuticals in Weesp using the Automated Molecular 
Assembly Plant (AMAP) for addition, agitation, heating, filtration, extraction, and evaporation. 
 
Nitro acetic acid (23): potassium hydroxide (224 g, 3.99 mol) was dissolved in water (100 mL) in a three necked round 
bottomed flask equipped with funnel, condenser and magnetic stirrer. The solution was stirred rapidly and nitromethane 
(61.0 g, 1.00 mol) was added dropwise. During the addition of nitromethane the reaction mixture turned yellow and 
started to reflux. After some time, suddenly a thick suspension of dipotassium nitroacetate was formed. After addition 
of all nitromethane, the reaction mixture was heated at reflux for 1 h and then the reaction mixture was cooled to room 
temperature and filtered. The filtrate was washed with cold methanol and the product was dried under vacuo to give 
dipotassium nitroacetate (5) (68.6 g) as small crystals. To a solution of dipotassium nitroacetate (68.6 g) in cold water 
(100 mL) was added dropwise a solution of aqueous 37% hydrogenchloride (180 g) at such a rate that the temperature 
of the reaction mixture did not exceed 5 oC. Next, the reaction mixture was saturated with sodium chloride. The reaction 
mixture was extracted four times with diethyl ether and the combined extracts were dried (sodium sulfate), filtered and 
evaporated to obtain an oil. Chloroform was added and the product was again evaporated. Upon cooling nitro acetic 
acid (20.8 g) crystallized as white crystals. Analytical data in accordance with the literature.15 
 
Methyl nitroacetate (6): prepared according to literature procedure.4 IR (film): ν = 1752 (C=O), 1560 (as NO2), 1341 
(s NO2) cm-1. 
 
N-Phenyl-N-[(E)-1-phenylmethylidene]amine (7): a mixture of aniline (2.00 mL, 22.0 mmol) and benzaldehyde (2.45 
mL, 24.2 mmol) was stirred for 1 h at room temperature. To the reaction mixture was added diethyl ether (30 mL) and 
anhydrous magnesium sulfate and the reaction was stirred at room temperature for 20 h. Next, the reaction was filtered, 
evaporated to dryness, and dried to give N-phenyl-N-[(E)-1-phenylmethylidene]amine (3.98 g, 100%). The spectral 
properties of the product were in accord with the literature.16    
 
Methyl (Z/E)-2-nitro-3-phenylprop-2-enoate (8): a solution of N-phenyl-N-[(E)-1-phenylmethylidene]amine (7) (24.6 
g, 136 mmol), methyl nitroacetate (6) (8.65 g, 72.6 mmol), and acetic anhydride (70 mL) was stirred for 20 h at 50 oC. 
The reaction mixture was poured into hot water (2 L) and stirred. The aqueous layer was decanted and the organic layer 
was diluted with tetrachloromethane (150 mL). The aqueous layer was extracted with tetrachloromethane (50 mL) and 
this was added to the organic layer. The combined organic layers were washed with water (1 L) and brine (1 L). The 
organic layer was dried (magnesium sulfate), filtered, and concentrated under reduced pressure. After column 
chromatography (EtOAc/heptane : 1/50) the nitroalkene 8 (10.7 g, 71%) was obtained as a mixture of E/Z isomers (1/2). 
GC Rt = 6.0 min. E-isomer 1H-NMR (300 MHz) δ 3.97 (s, 3H), 7.42-7.53 (m, 5H), 8.10 (s, 1H). Z-isomer 1H-NMR 
(300 MHz) δ 3.93 (s, 3H), 7.42-7.53 (m, 5H), 7.56 (s, 1H). IR (film): ν = 1735, 1643, 1535 cm-1. 
Chapter 4 
 64 
 
1,2,3,4-Tetrahydro-1-acetyl-4-anilino-2-ethyl-3-methylquinoline (12): a mixture of aniline (14.5 mL, 159 mmol) and 
propionaldehyde (14.0 mL, 194 mmol) was stirred for 1 h at room temperature. To the reaction mixture diethyl ether 
(30 mL) and anhydrous magnesium sulfate were added and the reaction was stirred at room temperature for 20 h. Next, 
the reaction was filtered and concentrated by rotary evaporation. A solution of the crude imine 9 and methyl nitroacetate 
(6) (8.52 g, 70.9 mmol) in acetic anhydride (90 mL) was stirred for 20 h at 50 oC. The reaction mixture was poured into 
hot water (2 L) and stirred. The aqueous layer was decanted and the organic layer was diluted with tetrachloromethane 
(200 mL). The aqueous layer was extracted with tetrachloromethane (50 mL) and this was added to the organic layer. 
The combined organic layers were washed with water (1 L) and brine (1 L). The organic layer was dried (magnesium 
sulfate), filtered, and concentrated under reduced pressure. After column chromatography (EtOAc/heptane : 1/5) 
isoquinoline 12 (30.1 mmol, 38%) was obtained as white solid compound which was recrystallized from ethyl 
acetate/heptane. Mp (EtOAc/heptane) 137 oC (Lit.6 mp 135-136 oC).  
 
Methyl (E/Z)-4-methyl-2-nitro-2-pentenoate (13): prepared following a modified procedure of the method that was 
used by Lehnert.8 To a solution of titanium (IV) chloride (2.20 mL, 20.0 mmol) in anhydrous tetrahydrofuran (20 mL) 
at – 78 oC was added dropwise a solution of isobutyraldehyde (1.40 mL, 15.2 mmol) and methyl nitroacetate (1.28 g, 
10.7 mmol) in anhydrous tetrahydrofuran (20 mL). Next, a solution of N-methylmorpholine in anhydrous 
tetrahydrofuran (20 mL) was added dropwise to the reaction mixture. The reaction mixture was allowed to reach room 
temperature and was then diluted with anhydrous tetrahydrofuran (100 mL). After stirring for another 22 h at ambient 
temperature the reaction mixture was diluted with diethyl ether (300 mL) and washed twice with water. The organic 
layer was dried (magnesium sulfate), filtered and concentrated in vacuo. The crude product was purified by bulb-to-
bulb distillation under reduced pressure (1 torr) to give nitroalkene 13 (957 mg, 51%) as a mixture of the E/Z isomers 
(1/3). Spectroscopic data in accordance with the literature.17 
 
Procedure for preparation of compound 8 using the Henry/dehydration method: a solution of methyl nitroacetate 
(894 mg, 7.51 mmol), benzaldehyde (2.29 mL, 22.5 mmol) and ammonium acetate (868 mg, 11.3 mmol) in 
tetrahydrofuran (10 mL) was heated in a microwave at 500W for 30 min. The reaction mixture was evaporated to 
dryness, acetic anhydride (15 mL) was added and the reaction was heated at 80 oC for 1 h. The reaction mixture was 
concentrated in vacuo and the crude product was purified using column chromatography to obtain 8 in a yield of 75 % 
as a mixture of isomers (E/Z : 2/1). 
 
Methyl (cis/trans)-3,4-dimethyl-1-nitro-6-phenyl-3-cyclohexene-1-carboxylate (15): a solution of methyl (Z/E)-2-
nitro-3-phenylprop-2-enoate (8) (1.01 g, 4.89 mmol), 2,3-dimethylbuta-1,3-diene (2.10 mL, 18.6 mmol) and 5-tert-
butyl-4-hydroxy-2-methylphenylsulfide (5 mg) in dichloromethane in a 15 mL Teflon® vessel was reacted at 1.5 GPa 
and room temperature for 5 h. The reaction mixture was evaporated and the crude product was subjected to column 
chromatography (EtOAc/heptane : 1/ 25) to obtain the cycloadduct 15 (1.20 g, 85%) as a mixture of diastereoisomers in 
a ratio of 1/2. The product could be further purified by crystallization from dichloromethane/petroleum ether to obtain 
the trans-isomer. Rt = 8.7 min. 1H-NMR (300 MHz) δ 1.55 (s, 3H), 1.70 (s, 3H), 2.42 (d, 1H, J = 18.8), 2.75 (d, 1H, J = 
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16.7), 2.87-3.04 (m, 2H), 3.76 (s, 3H), 3.94-4.03 (m, 1H), 7.07-7.16 (m, 2H), 7.23-7.31 (m, 3H). Selected signals of the 
cis-isomer 1H-NMR (200 MHz) δ 3.62 (s, 3H), 4.09 (d, 1H, J = 7.6). IR (film): ν = 1753, 1550, 1359 cm-1. 
 
Methyl (cis/trans)-6-isopropyl-3,4-dimethyl-1-nitro-3-cyclohexene-1-carboxylate (16): a solution of methyl (E/Z)-4-
methyl-2-nitro-2-pentenoate (13) (802 mg, 4.63 mmol), 2,3-dimethylbuta-1,3-diene (1.66 mL, 14.7 mmol) and 5-tert-
butyl-4-hydroxy-2-methylphenylsulfide (5 mg) in dichloromethane in a 15 mL Teflon® vessel was reacted at 1.5 GPa 
and room temperature for 16 h. The reaction mixture was evaporated and the crude product was subjected to column 
chromatography (EtOAc/heptane : 1/ 50) to obtain cycloadduct 16 (502 mg, 43%) as a mixture of two diastereoisomers. 
Rt = 6.2 min. Major isomer 1H-NMR (300 MHz) δ 0.89 (d, 3H, J = 6.7), 0.96 (d, 3H, J = 6.7), 1.60 (s, 3H), 1.63 (s, 3H), 
1.83-2.01 (m, 2H), 2.25-2.33 (m, 1H), 2.44-2.50 (m, 1H), 2.74 (d, 1H, J = 17.4), 2.97 (d, 1H, J = 17.4), 3.79 (s, 3H). 
 
Methyl (cis/trans)-1-amino-3,4-dimethyl-6-phenyl-3-cyclohexene-1-carboxylate (17): to a solution of cycloadduct 
15 (cis/trans : 1/9, 235 mg, 813 µmol) in methanol and a small amount of ethyl acetate, to prevent crystallization of the 
cycloadduct, was added a catalytic amount of Raney nickel and the reaction was hydrogenated at 2 bar H2 using a Parr 
apparatus. After 2 h the reaction was finished and the reaction was filtered over Celite®. After evaporation of the solvent 
the crude product was purified using column chromatography (EtOAc/heptane : 2/5) to give the amine 17a (165 mg, 
78%) and the amine 17b (18 mg, 9%). For trans-amine 17a 1H-NMR (300 MHz) δ 1.60 (bs, 2H), 1.68 (s, 3H), 1.70 (s, 
3H), 1.94 (d, 1H, J = 17.0), 2.09 (dd, 1H, J = 5.3, 17.4), 2.55-2.69 (m, 1H), 2.90 (d, 1H, J = 17.0), 3.31 (dd, 1H, J = 5.3, 
11.8), 3.51 (s, 3H), 7.16-7.32 (m, 5H). MS (EI): m/z (%) 259 (61) [M]+, 244 (7) [M-CH3]+, 200 (35) [M-COOCH3]+, 
183 (35), 177 (100), 168 (66). IR (film): ν = 2910, 1731, 1601, 1493, 1452, 1433, 1222, 767, 703 cm-1. For cis-amine 
17b 1H-NMR (300 MHz) δ 1.70 (s, 3H), 1.72 (s, 3H), 2.20 (dd, 1H, J = 6.0, 18.0), 2.43-2.57 (m, 2H), 2.68 (d, 1H, J = 
16.8), 3.39 (dd, 1H, J = 6.0, 10.2), 3.58 (s, 3H), 7.14-7.36 (m, 5H). IR (film): ν = 2906, 1727, 1493, 1433, 1216, 773, 
702 cm-1.   
 
Methyl (cis/trans)-1-amino-6-isopropyl-3,4-dimethyl-3-cyclohexene-1-carboxylate (18): to a solution of 
cycloadduct 16 (cis/trans : 1/3, 399 mg, 1.56 mmol) in ethanol (5 mL) was added a catalytic amount of Raney nickel 
and the reaction was hydrogenated at 1 bar H2. After 23 h the reaction was finished according to TLC and the reaction 
was filtered over Celite®. After evaporation of the solvent the crude product was purified using column chromatography 
(EtOAc/heptane : 2/5) to give the amine 18a (201 mg, 57%) and the amine 18b (66.0 mg, 19%) as oils. For trans 
isomer 18a Rt = 5.6 min. 1H-NMR (300 MHz) δ 0.88 (d, 3H, J = 6.9), 0.94 (d, 3H, J = 6.9), 1.52-1.70 (m, 9H), 1.76 (d, 
1H, J = 16.9), 1.91-2.00 (m, 3H), 2.66 (d, 1H, J = 16.9), 3.73 (s, 3H). For cis isomer 18b Rt = 5.3 min. 1H-NMR (300 
MHz) δ 0.73 (d, 3H, J = 6.6), 0.89 (d, 3H, J = 6.8), 1.57-1.75 (m, 10H), 1.68-2.01 (m, 2H), 2.21 (bd, 1H, J = 17.6), 2.51 
(d, 1H, J = 17.8), 3.70 (s, 3H). 
 
Preparation of compound 17 using tin (II) chloride dihydrate: cycloadduct 15 (294 mg, 1.02 mmol) was dissolved 
in a 1.0 M solution of tin (II) chloride dihydrate in tetrahydrofuran/water : 10/1 (10 mL). The reaction was stirred at 
room temperature for 20 h. The reaction was quenched by addition of aqueous 2.0 M NaOH (5 mL) and the resulting 
mixture was extracted twice with ethyl acetate (80 mL). The organic extracts were washed with brine and aqueous 
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saturated sodium bicarbonate, dried (sodium sulfate), filtered, and evaporated to dryness. The crude product was 
subjected to solid-phase extraction using an isolute® SCX-2 column. The product was eluted from the column using 
first methanol and then 1 M ammonia/methanol to obtain the desired amine 17 (252 mg, 95%). 
 
Methyl trans-1-[(anilinocarbonyl)amino]-3,4-dimethyl-6-phenyl-3-cyclohexene-1-carboxylate (19a): to a solution 
of  trans-amine 17a (507 mg, 1.96 mmol) in dichloromethane (1 mL) was added phenyl isocyanate (428 µL, 3.92 
mmol). After a few minutes a white precipitate was formed. The reaction was stirred for 0.5 h and the reaction mixture 
was then concentrated to dryness to obtain the urea 19a (739 mg, 100%) as a white solid. Rt = 16.4 min. 1H-NMR (300 
MHz) δ 1.68 (s, 3H), 1.70 (s, 3H), 2.27 (dd, 1H, J = 6.5, 18.0), 2.43 (dd, 1H, J = 5.7, 18.0), 2.57 (d, 1H, J = 17.6), 2.90 
(d, 1H, J = 17.6), 3.45 (dd, 1H, J = 5.7, 6.5), 3.59 (s, 3H), 4.89 (s, 1H), 6.26 (s, 1H), 7.02-7.14 (m, 5H), 7.16-7.33 (m, 
5H). MS (EI): m/z (%) 378 (8) [M]+, 346 (8) [M-CH3OH]+, 242 (81) [M-NH2CONHPh]+, 183 (100). 
 
Methyl trans-1-[(anilinocarbonyl)amino]-6-isopropyl-3,4-dimethyl-3-cyclohexene-1-carboxylate (20a): to a 
solution of  trans-amine 18a (151 mg, 670 µmol) in dichloromethane (1.5 mL) was added phenyl isocyanate (90 µL, 
828 µmol). The reaction was stirred at room temperature for 18 h and was then concentrated to dryness to obtain the 
urea 20a (231 mg, 100%) as a white solid. An analytical sample was obtained by crystallization from diethyl 
ether/heptane. Mp (Et2O/heptane) 174 oC. Rt = 12.6 min. 1H-NMR (300 MHz) δ 0.76 (d, 1H, J = 7.0), 0.86 (d, 1H, J = 
7.0), 1.62 (s, 3H), 1.65 (s, 3H), 1.56-1.80 (m, 3H), 1.86-2.04 (m, 1H), 2.75 (d, 1H, J = 17.3), 2.94 (d, 1H, J = 17.3), 3.75 
(s, 3H), 5.06 (s, 1H), 6.52 (s, 1H), 7.08-7.33 (m, 5H). MS (CI): m/z (%) 345 (35) [M+H]+, 226 (40), 165 (69), 137 (100). 
 
7,8-Dimethyl-3,10-diphenyl-1,3-diazaspiro[4.5]dec-7-ene-2,4-dione (21a): to a solution of the urea 19a (400 mg, 
1.06 mmol) in anhydrous tetrahydrofuran (3 mL) was added potassium tert-butoxide (249 mg, 2.22 mmol) and the 
reaction was stirred at room temperature for 23 h. The reaction mixture was concentrated to dryness and to the residue 
was added dichloromethane and water. The organic layer was isolated and the aqueous layer was extracted once more 
with dichloromethane. The combined extracts were dried (magnesium sulfate), filtered, and evaporated to dryness to 
give the hydantoin 21a (330 mg, 90%) as white solid. An analytical sample was obtained by crystallization from 
ethanol/heptane. Mp (ethanol/heptane) 174 oC. Rt = 16.2 min. 1H-NMR (300 MHz) δ 1.66 (s, 3H), 1.70 (s, 3H), 2.18 (d, 
1H, J = 17.1), 2.28 (dd, 1H, J = 5.7, 17.7), 2.55-2.65 (m, 1H), 3.04 (d, 1H, J = 17.1), 3.38 (dd, 1H, J = 6.0, 12.3), 6.66 
(dd, 2H, J = 8.1, 2.4), 6.75 (s, 1H), 7.19-7.34 (m, 8H). 13C-NMR (75 MHz) δ 19.14, 19.36, 34.73, 41.22, 45.89, 65.24, 
121.96, 125.77, 126.38, 127.92, 128.24, 128.55, 128.80, 128.91, 131.27, 138.04, 156.25, 174.33. HRMS: calcd for M+ 
(C22H22N2O2): 346.1681 found 346.1683. IR (film): ν = 1774, 1709, 1601, 1502, 1411, 1286, 1204, 1130, 910, 772, 733, 
703 cm-1. 
 
10-Isopropyl-7,8-dimethyl-3-phenyl-1,3-diazaspiro[4.5]dec-7-ene-2,4-dione (22a): to a solution of the urea 20a 
(63.0 mg, 180 µmol) in anhydrous tetrahydrofuran (3 mL) was added potassium tert-butoxide (42.0 mg, 370 µmol) and 
the reaction was stirred at room temperature for 21 h. The reaction mixture was concentrated to dryness and to the 
residue was added dichloromethane and water. The organic layer was isolated and the aqueous layer was extracted once 
more with dichloromethane. The combined dichloromethane layers were dried (magnesium sulfate), filtered, and 
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evaporated in vacuo. The crude product was crystallized from petroleum ether/diethyl ether to give the hydantoin 22a 
(45.0 mg, 79%) as a white solid. Mp (petroleum ether/Et2O) 132 oC. Rt = 12.7 min. 1H-NMR (300 MHz) δ 0.91 (d, 3H, 
J = 6.9), 0.95 (d, 3H, J = 6.9), 1.63 (s, 3H), 1.65 (s, 3H), 1.82-2.20 (m, 5H), 2.83 (d, 1H, J = 17.0), 6.49 (s, 1H), 7.36-
7.49 (m, 5H). HRMS: calcd for M+ (C19H24N2O2): 312.1838 found 312.1829. C19H24N2O2 (312.4): calcd. C 73.02, H 
7.74, N 8.97; found C 73.11, H 7.37, N 8.86. 
 
Loading of Wang resin with nitro acetic acid (24): Wang resin (1.51 g, 1.49 mmol) (0.99 mmol/g) and N-
hydroxybenzotriazole (809 mg, 6.04 mmol) were suspended in anhydrous tetrahydrofuran (10 mL). At 0 oC, 1,3-
diisopropylcarbodiimide (750 mg, 6.0 mmol) was added and reaction was stirred for 0.5 h. Next, a solution of nitro 
acetic acid (23) (953 mg, 9.07 mmol) in tetrahydrofuran (10 mL) was added dropwise to the reaction mixture. The 
reaction was slowly warmed to room temperature and stirred for 24 h. The reaction was filtered and the resin was 
washed with alternating methanol and dichloromethane (5 cycles) and finally once more with diethyl ether to give after 
drying the resin 24. IR: ν = 1754 (C=O), 1563 (as NO2) cm-1. 
 
Solid phase synthesis of nitroalkene 25: a suspension of resin 24 (710 mg), benzaldehyde (753 mg, 7.10 mmol), and 
ammonium acetate (101 mg, 1.31 mmol) in tetrahydrofuran (7 mL) was reacted in the microwave at 500 W for 20 
minutes. The reaction mixture was filtered and the resin was washed with alternating methanol and dichloromethane (3 
cycles, 10 mL). The resin was dried for 14 h at 1 torr and room temperature. IR: ν =  1748 (C=O), 1639 (C=C), 1561 (as 
NO2) cm-1. The resin was suspended in acetic anhydride (7 mL) and irradiated in the microwave at 250 W for 20 
minutes. The reaction mixture was filtered and the resin was washed with alternating methanol and dichloromethane (3 
cycles, 10 mL). The resin was dried for 7 h at 1 torr and room temperature. IR: ν = 1736 (C=O), 1643 (C=C), 1536 (as 
NO2) cm-1. 
 
Solid phase cycloaddition reaction to give 26: a suspension of resin 25 (600 mg), 2,3-dimethylbuta-1,3-diene (246 mg, 
3.00 mmol), and 5-tert-butyl-4-hydroxy-2-methylphenylsulfide (5 mg) in dichloromethane in a 7.5 mL Teflon® vessel 
was reacted at 1.5 GPa and room temperature for 19 h. The reaction mixture was filtered and the resin was washed with 
alternating methanol and dichloromethane (3 cycles, 10 mL). The resin was dried for 4 h at 1 torr and room temperature. 
IR: ν = 1741 (C=O), 1552 (as NO2) cm-1. 
 
Procedure for cleavage of cycloadduct from resin: a suspension of the resin 26 (205 mg) and trifluoroacetic acid 
(400 µL) in dichloromethane (4 mL) was stirred at room temperature for 14 h. The reaction mixture was filtered and the 
resin was washed with alternating methanol and dichloromethane (2 cycles). The filtrate was concentrated to dryness to 
give according to 1H-NMR cis-1,2-dimethyl-4-nitro-5-phenylcyclohex-1-ene (27) (30.1 mg, 67%) in 95% purity (GC).  
 
Trans-1,2-dimethyl-4-nitro-5-phenylcyclohex-1-ene (28): a solution of β-nitrostyrene (737 mg, 4.90 mmol) and 2,3-
dimethylbuta-1,3-diene (821 mg, 10.0 mmol) in dichloromethane in a 7.5 mL Teflon® vessel was reacted at 1.5 GPa and 
room temperature for 15 h. After evaporation of the solvent the crude product was crystallized from methanol to give 
compound 28 as white needles (1.06 g, 95 %). Mp (methanol) 96 oC. Rt = 7.7 min. 1H-NMR (200 MHz) δ 1.66 (s, 3H), 
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1.71 (s, 3H), 2.27-2.39 (m, 1H), 2.50-2.67 (m, 1H), 2.68-2.90 (m, 1H), 3.41 (ddd, 1H, J = 7.5, 9.6, 11.5), 4.96 (ddd, 1H, 
J = 5.8, 11.3, 11.3), 7.16-7.37 (m, 5H).  
 
Cis-1,2-dimethyl-4-nitro-5-phenylcyclohex-1-ene (27): a solution of trans-1,2-dimethyl-4-nitro-5-phenylcyclohex-1-
ene (28) (500 mg, 2.16 mmol) in tetrahydrofuran/methanol/1.25 M LiOH : 2/1/1 (20 mL) was stirred for 0.5 h at room 
temperature. Acetic acid (500 mg) was added and the reaction mixture was concentrated under vacuo. A solution of 
aqueous 0.5 N potassium hydrogensulfate (20 mL) was added and the aqueous layer was extracted twice with diethyl 
ether (20 mL). The combined diethyl ether extracts were dried (magnesium sulfate), filtered and concentrated to dryness 
to give cis-1,2-dimethyl-4-nitro-5-phenylcyclohex-1-ene (27) (442 mg, 88%) as a clear oil. An analytical sample was 
obtained by crystallization from warm methanol to give small white crystals. Mp (methanol) 47 oC. Rt = 7.7 min. 1H-
NMR (200 MHz) δ 1.73 (s, 6H), 2.27-2.74 (m, 4H), 3.71 (ddd, 1H, J = 4.3, 4.3, 6.2), 4.85 (ddd, 1H, J = 4.3, 5.6, 8.4), 
7.03-7.17 (m, 2H), 7.20-7.36 (m, 3H). IR (film) 2910, 1541, 1494, 1452, 1373, 787, 700 cm-1. GCMS: m/z (%) 231 (3) 
[M]+, 201 (19), 185 (89), 169 (100). 
 
Solid phase reduction of cycloadduct 26 to give 30: a suspension of resin 26 (261 mg) in a 1 M solution of tin (II) 
chloride dihydrate in tetrahydrofuran/methanol : 9/1 (3 mL) was stirred at room temperature for 20 h. The reaction was 
filtered and the resin was washed with alternating methanol and triethylamine/tetrahydrofuran : 1/10 (2 cycles), and 
next with alternating methanol and dichloromethane (2 cycles). The resin 30 was dried at 70 oC and 400 mbar. IR: ν = 
1740, 1597, 1511, 1489, 1450, 1221, 759, 698 cm-1. 
 
Coupling of phenyl isocyanate with resin 30: to a suspension of the resin 30 (250 mg) in dichloromethane (3 mL) was 
added phenyl isocyanate (82 µL, 3.0 eq.) and the reaction was stirred at room temperature for 18 h. The reaction was 
filtered and the resin was washed with alternating methanol and dichloromethane (3 cycles) and finally with 
tetrahydrofuran (1 time). The resin 31 was dried at 70 oC and 400 mbar. IR: ν = 1735, 1597, 1511, 1489, 1450, 1225, 
754, 694 cm-1. 
 
Cleavage of hydantoin from resin 31: to a suspension of the resin 31 (236 mg) in anhydrous tetrahydrofuran (3 mL) 
was added potassium tert-butoxide (132 mg) and the reaction was stirred for 20 h. The reaction was quenched with 
aqueous 1 M ammonium chloride (3 mL) and then the reaction was filtered. The resin was washed with alternating 
dichloromethane and methanol (3 cycles). The filtrate was concentrated to dryness and next dichloromethane and 
aqueous 1 M ammonium chloride were added. The organic layer was isolated and the aqueous layer was extracted twice 
more with dichloromethane. The combined extracts were dried (sodium sulfate), filtered and evaporated in vacuo to 
give a diastereomeric mixture of the hydantoins 21a and 21b (27.5 mg, 45%) in 50% purity according to GC. 
 
Loading of hydroxymethylene resin with nitro acetic acid (32): to a suspension of hydroxymethylene resin (25.0 
g)(1.0-2.0 mmol/g), nitro acetic acid (23) (16.0 g, 152 mmol) and N-hydroxybenzotriazole (0.5 g) in anhydrous 
tetrahydrofuran (300 mL) was added dropwise (during approximately 1h) at 0 oC a solution of 1,3-
diisopropylcarbodiimide (23.0 g) in anhydrous tetrahydrofuran (100 mL). After addition of the coupling reagent, the 
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reaction was stirred at room temperature for 16 h. The reaction was filtered and the resin was washed with alternating 
dimethylformamide and methanol (2 cycles) and next with alternating methanol and dichloromethane (2 cycles), and 
finally with diethyl ether (2 times). The resin was dried at 70 oC and 400 mbar to obtain the resin 32 (29.4 g, 1.72 
mmol/g). IR: ν = 1753 (C=O), 1561 (as NO2) cm-1. 
 
Solid phase synthesis of nitroalkene 33 using two step microwave procedure: a suspension of resin 32 (1.53 g), 
benzaldehyde (3.90 g, 36.8 mmol), and ammonium acetate (228 mg, 2.96 mmol) in tetrahydrofuran (15 mL) was 
reacted in the microwave at 500 W for 20 minutes. The reaction mixture was filtered and the resin was washed with 
alternating methanol and dichloromethane (3 cycles, 10 mL). The resin was dried for 14 h at 1 torr and room 
temperature. IR: ν = 1750 (C=O), 1642 (C=C), 1561 (as NO2) cm-1. The resin was suspended in acetic anhydride (15 
mL) and irradiated in the microwave at 250 W for 20 minutes. The reaction mixture was filtered and the resin was 
washed with alternating methanol and dichloromethane (3 cycles, 10 mL). The resin was dried. IR: ν = 1734 (C=O), 
1642 (C=C), 1536 (as NO2) cm-1. 
 
Solid phase cycloaddition reaction to give 34: a suspension of resin 33 (1.78 g), 2,3-dimethylbuta-1,3-diene (2.94 g), 
and 5-tert-butyl-4-hydroxy-2-methylphenylsulfide (10 mg) in dichloromethane in a 15.0 mL Teflon® vessel was reacted 
at 1.5 GPa and room temperature for 16 h. The reaction mixture was filtered and the resin was washed with alternating 
methanol and dichloromethane (3 cycles). The resin was dried. IR: ν = 1741, 1553 cm-1. 
 
Solid phase reduction of hydroxymethylene cycloadduct 34 to give 35: a suspension of resin 34 (1.98 g) in a 1 M 
solution of tin (II) chloride dihydrate in tetrahydrofuran/methanol : 9/1 (25 mL) was stirred at room temperature for 24 
h. The reaction was filtered and the resin was washed with alternating methanol and triethylamine/tetrahydrofuran : 
1/10 (2 cycles), and next with alternating methanol and dichloromethane (2 cycles). 
 
Coupling of phenyl isocyanate with hydroxymethylene resin 35: to a suspension of the resin 36 (344 mg) in 
dichloromethane (3 mL) was added phenyl isocyanate (112 µL) and the reaction was stirred at room temperature for 18 
h. The reaction was filtered and the resin was washed with alternating methanol and dichloromethane (3 cycles). The 
resin was dried at 70 oC and 400 mbar for 3 h. IR: ν = 1727, 1597, 1493, 1446, 1195, 754 cm-1. 
 
Cleavage of hydantoin 21a and 21b from hydroxymethylene resin 36: to a suspension of the resin 36 (369 mg) in 
anhydrous tetrahydrofuran (3 mL) was added potassium tert-butoxide (193 mg, 1.72 mmol) and the reaction was stirred 
ar rt for 19 h. The reaction was quenched with aqueous 1 M ammonium chloride (3 mL) and then the reaction was 
filtered. The resin was washed with alternating dichloromethane and methanol (3 cycles). The filtrate was concentrated 
to dryness and next dichloromethane and aqueous 1 M ammonium chloride were added. The organic layer was isolated 
and the aqueous layer was extracted twice more with dichloromethane. The combined extracts were dried (magnesium 
sulfate), filtered and evaporated in vacuo to give a diastereomeric mixture of the hydantoins 21a and 21b (97.5 mg) in 
85% purity according to GC. The hydantoins 21a and 21b were separated using column chromatography 
(EtOAc/heptane : 1/3) to give the hydantoin 21a (33.7 mg, 22%) and the hydantoin 21b (35.1 mg, 23%) as white solids. 
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For hydantoin 21a spectral properties were in agreement with the properties described above. For hydantoin 21b 1H-
NMR (300 MHz) δ 1.68 (s, 3H), 1.70 (s, 3H), 2.19-2.30 (m, 1H), 2.40 (d, 1H, J = 17.7), 2.49 (d, 1H, J = 17.4), 2.98-
3.09 (m, 2H), 6.69 (s, 1H), 7.03-7.06 (m, 2H), 7.16-7.40 (m, 8H). 13C-NMR (75 MHz) δ 19.12, 19.19, 35.81, 41.18, 
48.20, 63.89, 120.95, 126.41, 126.70, 127.85, 128.23, 128.56, 128.77, 129.05, 131.44, 138.65, 155.66, 173.58. HRMS: 
calcd for M+ (C22H22N2O2): 346.1681 found 346.1683. IR (film): ν =  1714, 1498, 1411, 1182, 906, 733, 703 cm-1. 
 
Solid phase synthesis of hydantoins 21a and 21b using Babievskii modification of Knoevenagel: a suspension of 
the Merrifield bound nitroacetate 32 (2.50 g) and N-phenyl-N-[(E)-1-phenylmethylidene]amine (7) (15.0 mmol) in 
acetic anhydride (15 mL) was stirred at 60 oC for 24 h. The reaction was filtered and the resin was washed with 
alternating dimethylformamide and methanol (2 cycles) and next with alternating methanol and dichloromethane (2 
cycles). The resin was dried at 70 oC and 400 mbar.  
The cycloaddition reaction with 2,3-dimethylbuta-1,3-diene, the reduction with tin (II) chloride, the coupling with 
phenyl isocyanate, and finally the cyclization/cleavage using potassium tert-butoxide were performed using the 
procedure described above. After cleavage from the resin the hydantoins 21a and 21b were obtained in 97% purity 
according to GC and in a ratio of 1.5/1 respectively. After a short silica column the hydantoins 21a and 21b were 
obtained in good yield (70%). 
 
Library synthesis 
 
Synthesis of Schiff bases 39A-J:  
39A: prepared using procedure stated above. 
39B: a mixture of the p-anisaldehyde (3.41 g, 25.0 mmol), aniline (2.42 g, 26.0 mmol) and magnesium sulfate in diethyl 
ether (6 mL) was stirred at room temperature for 19 h. The reaction was filtered and the filtrate was evaporated to 
dryness to give the imine 39B in quantitative yield. 1H-NMR (300 MHz) δ 3.86 (s, 3H), 6.95 (d, 1H, J = 6.9), 7.12-7.24 
(m, 3H), 7.29-7.39 (m, 2H), 7.82 (d, 1H, J = 6.9), 8.34 (s, 1H).18 
39C: to a suspension of 4-cyanobenzaldehyde (6.63 g, 50.6 mmol) and sodium sulfate (35 g) in dichloromethane (5 mL) 
at room temperature was added dropwise a solution of aniline (4.96 g, 53.4 mmol) in dichloromethane (5 mL). After 3 h 
the reaction mixture was filtered and concentrated to dryness to give 39C in quantitative yield. 1H-NMR (200 MHz) δ 
7.19-7.35 (m, 3H), 7.37-7.49 (m, 2H), 7.77 (d, 2H, J = 6.7), 8.02 (d, 1H, J = 6.7), 8.50 (s, 1H). 
39D: a suspension of piperonal (3.76 g, 25.1 mmol), aniline (2.43 g, 26.1 mmol), and magnesium sulfate in diethyl 
ether (6 mL) was stirred at room temperature for 19 h. According to NMR the conversion was 80%. The reaction 
mixture was diluted with tetrahydrofuran (10 mL) and the reaction was heated to reflux for 22 h. The reaction mixture 
was filtered and the filtrate was evaporated to dryness to give 39D in 94% purity. 1H-NMR (200 MHz) δ 6.01 (s, 2H), 
6.85 (d, 1H, J = 7.8), 7.13-7.27 (m, 4H), 7.29-7.42 (m, 2H), 7.50 (s, 1H), 8.30 (s, 1H). 
39E: a mixture of the 3-pyridinecarboxaldehyde (2.68 g, 25.1 mmol), aniline (2.41 g, 25.9 mmol) and magnesium 
sulfate in diethyl ether (6 mL) was stirred at room temperature for 19 h. The reaction was filtered and the filtrate was 
evaporated to dryness to give the imine 39E in quantitative yield. 1H-NMR (300 MHz) δ 7.17-7.27 (m, 3H), 7.34-7.42 
(m, 3H), 8.26 (ddd, 1H, J = 2.1, 2.1, 8.1), 8.47 (s, 1H), 8.67 (dd, 1H, J = 1.5, 4.8), 8.98 (d, 1H, J = 2.1). 
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39F: a suspension of 4-pyridinecarboxaldehyde (5.37 g, 50.1 mmol), aniline (4.84 g, 52.0 mmol), and sodium sulfate 
(35 g) in dichloromethane (20 mL) was stirred at room temperature for 16 h. The reaction mixture was filtered and 
concentrated to dryness to give 39F in quantitative yield. 1H-NMR (200 MHz) δ 7.17-7.52 (m, 5H), 7.75 (d, 2H, J = 
6.0), 8.45 (s, 1H), 8.76 (d, 1H, J = 6.0).19 
39G: to a suspension of cyclohexanecarboxaldehyde (2.85 g, 25.4 mmol) and sodium sulfate (35 g) in acetonitrile (10 
mL) at – 40 oC was added dropwise a solution of aniline (2.45 g, 26.3 mmol) in acetonitrile (20 mL). The reaction was 
stirred at – 40 oC for 45 minutes and then at room temperature for 10 minutes. The reaction mixture was filtered and 
concentrated to dryness to give 39G. 1H-NMR (200 MHz) δ 1.12-2.18 (m, 10H), 2.25-2.48 (m, 1H), 6.95-7.40 (m, 5H), 
7.69 (d, 1H, J = 5.0).20 
39H: a suspension of 1-methylpyrrole-2-carboxaldehyde (2.70 g, 25.0 mmol), aniline (2.40 g, 25.8 mmol) and 
magnesium sulfate in diethyl ether (6 mL) was stirred for 16 h at room temperature. To the reaction mixture 4 Å 
molsieves were added and the reaction mixture was kept at -20 oC for 4 days. The reaction was filtered and evaporated 
in vacuo to give the Schiff base 39H.  1H-NMR (200 MHz) δ 4.05 (s, 3H), 6.20 (dd, 1H, J = 2.5, 3.8), 6.68 (dd, 1H, J = 
1.9, 3.8), 6.79 (dd, 1H, J = 1.9, 2.5), 7.10-7.22 (m, 3H), 7.31-7.41 (m, 2H), 8.28 (s, 1H).21    
39I: a suspension of 1-methylindole-3-carboxaldehyde (4.00 g, 25.2 mmol), aniline (2.40 g, 25.8 mmol) and 
magnesium sulfate in dichloromethane/diethyl ether (6 mL) was stirred for 16 h at room temperature. Using NMR it 
was determined that the conversion was 55 %. The reaction was diluted with ethyl acetate and 4 Å molsieves were 
added. The reaction was stirred at room temperature for 4 days and then the reaction mixture was filtered and 
evaporated in vacuo to give the Schiff base 39I in 91 % purity. 1H-NMR (200 MHz) δ 3.85 (s, 3H), 7.09-7.45 (m, 8H), 
7.54 (s, 1H), 8.43-8.52 (m, 1H), 8.63 (s, 1H). 
39J: a solution of pyrrole-2-carboxaldehyde (3.02 g, 31.8 mmol) and aniline (3.00 g, 32.3 mmol) in diethyl ether (4 mL) 
was stirred at room temperature for 3 h. Magnesium sulfate was added and the reaction was left at – 20 oC for 16 h. The 
reaction mixture was filtered and evaporated to dryness to obtain the imine 39J. 1H-NMR (200 MHz) δ 6.17-6.27 (m, 
1H), 6.61-6.73 (m, 2H), 7.14-7.27 (m, 3H), 7.30-7.46 (m, 2H), 8.23-8.32 (m, 1H).22    
 
General procedure synthesis of nitroalkenes 40A-J: the flasks A to J were loaded with polymer supported nitro 
acetic acid 32 (2.50 g). To each flask A to J was added acetic anhydride (15 mL) and the corresponding Schiff base 
39A to J. The reaction mixtures A to J were stirred at 60 oC for 24 h. The reactions were filtered and the resins were 
washed with alternating dimethylformamide and methanol (2 cycles) and next with alternating methanol and 
dichloromethane (2 cycles). The resins 40A to J were dried at 70 oC and 400 mbar.  
 
General procedure for the cycloaddition reaction: the Teflon® vessels (15 mL + 7.5 mL) A to J were loaded with the 
nitroalkenes 40A to J (2.80 g). To each vessel A to J was added 2,3-dimethylbuta-1,3-diene (3.20 g, 39 mmol) and 5-
tert-butyl-4-hydroxy-2-methylphenylsulfide (100 mg). The vessels A to J were filled with dichloromethane, closed and 
reacted at 1.5 GPa and room temperature for 16 h. The reaction mixtures were filtered and the resins were washed with 
alternating warm dimethylformamide and methanol (2 cycles) and next with alternating methanol and dichloromethane 
(2 cycles). The resins 41A to J were dried at 70 oC and 400 mbar. IR data of resins 41A to J listed in table 4.3. 
 
Chapter 4 
 72 
General procedure for reduction: a suspension of the resins 41A to J in a 1.0 M solution of tin(II) chloride dihydrate 
(25 mL) was stirred at room temperature for 16 h. The reactions were filtered and the resins were washed with 
alternating methanol and triethylamine/tetrahydrofuran : 1/10 (2 cycles), and next with alternating methanol and 
dichloromethane (2 cycles). The resins 42A to J were dried at 70 oC and 400 mbar. IR data of resins 42A to J listed in 
table 4.3. 
Table 4.3 Notable IR peaks of resins 41A-J and 42A-J. 
ν (cm-1) A B C D E F G H I J 
41 1747 
1553 
1744 
1552 
1749 
1554 
1744 
1553 
1736 1736 1745 
1549 
1741 
1554 
1739 
1552 
1720 
1553 
42 1727 1727 1732 1726 1733 1736 1728 1721 1720 1728 
 
Coupling with isocyanates and cyclization cleavage:  
Distribution. Before the resins 42A-J were distributed over the reactors, the mass of the empty reactors of the 8 x 10 
library was measured. The reactors of the columns A to J were loaded with approximately 100 mg of the polymer 
supported amines 42A to J. The mass of every reactor was again measured and the amount of resin in every reactor was 
determined.  
Reaction with isocyanate. For the 8 rows (a to h) in the 8 x 10 matrix, 8 stock mixtures containing a 2.0 M solution of 
different isocyanates in dichloromethane was prepared. Row a: phenyl isocyanate; row b: 4-cyanophenyl isocyanate; 
row c: 4-methoxy isocyanate; row d: 4-acetylphenyl isocyanate; row e: 4-(dimethylamino)phenyl isocyanate; row f: 
cyclohexyl isocyanate; row g: allyl isocyanate; row h: ethyl isocyanatoformate. To each of the 10 reactors in a 
particular row a-h was added the appropriate stock solution (2 mL) and the 8 x 10 matrix was agitated using an orbital 
shaker (30 s every 5 min) at 30 oC for 16 h. The solvent was removed and the resin in each reactor was washed 
successively with 2.0 mL portions of dimethylformamide (2 x), methanol (2 x), alternating dimethylformamide and 
methanol (2 cycles), methanol and dichloromethane (2 cycles), and finally with tetrahydrofuran.  
Cyclization cleavage. To each of the reactors in the 8 x 10 matrix was added a 2.0 M  solution of potassium tert-
butoxide in tetrahydrofuran (2 mL/reactor) and the 8 x 10 matrix was agitated using an orbital shaker (30 s every 5 min) 
at 30 oC for 16 h. The reactors were evaporated to dryness and to each reactor was added dichloromethane (2.0 mL). 
The 8 x10 matric was agitated for 15 minutes at room temperature and the dichloromethane layers were transferred to 
an 8 x 10 collection block. Again dichloromethane (2.0 mL) was added and the procedure was repeated (2 cycles). The 
organic layers in the 8 x 10 collection block were evaporated in vacuo and to all reactors an aqueous 1.0 M solution of 
ammonium acetate (2 mL) was added. The aqueous layer extracted twice with dichloromethane. The organic layers 
were collected in another 8 x 10 collection block and the reactors were evaporated to dryness to obtain the first crop of 
hydantoins. Next, tetrahydrofuran (2 mL) was added to the remaining resin. The reactors were agitated for 15 minutes at 
room temperature and the tetrahydrofuran layers were transferred to an 8 x 10 collection block. Again tetrahydrofuran 
was added to the resins and the procedure was repeated. The tetrahydrofuran was evaporated to dryness and 
dichloromethane (2 mL) and aqueous 1.0 M ammonium chloride (2.0 mL) were added. The dichloromethane layer was 
transferred to an 8 x 10 collection block and the aqueous layer was extracted again with dichloromethane. The 
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dichloromethane layers were evaporated to dryness to obtain the second crop of hydantoins. For analysis and 
gravimetric yield determination both crops of hydantoins were combined. 
 
Crystal Structure Determination of 21a: crystals suitable for X-ray diffraction studies were grown by slow 
evaporation from ethanol/heptane. Intensity data were collected at room temperature. An Enraf-Nonius CAD4 single-
crystal diffractometer was used (ω-2θ scan mode) using graphite monochromated Mo-Kalpha radiation. The structure 
was solved by the program CRUNCH23 and was refined with standard methods using SHELXL9724 with anisotropic 
parameters for the nonhydrogen atoms. All hydrogens were placed at calculated positions and were refined riding on the 
parent atoms. Crystallographic data and parameters of the refinements are listed in table 4.4. 
 
Table 4.4 Crystallographic data and parameters for compound 21a. 
Emperical formula C22H22N2O2 Z 4 
Molecular mass 346.42 Density (calculated, mg/m3) 1.209 
Temperature (K) 293(2) µ, mm-1 0.619 
Wavelength (Å) 1.54184 F(000) 736 
Crystal system Triclinic Crystal size, mm 0.32x0.28x0.20 
Space group P-1 θ range (o) 3.23-70.05 
Unit cell dimension (Å, o)  Reflections collected 7620 
A 11.0012(4) Independent reflections [Rint] 7218 [0.0220] 
B 13.8534(5) Refinement method Full-matrix least-
squares on F2 
C 14.7025(7) Data/restraint/parameters 7218/0/482 
α 70.253(4) Goodness-of-fit on F2 1.036 
β 89.392(3) R1, wR2 indices [I>2σ(I)] 0.0463, 0.1165 
γ 65.878(4) R1, wR2 indices (all data) 0.0656, 0.1299 
Volume (Ǻ3) 1903.47(13) Largest diff. peak and hole, e⋅Ǻ-3 0.199 and -0.209 
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Chapter 5 
 
Synthesis of spiroheterocycles from (E)-2-cyanocinnamates∗ 
 
Abstract: The application of (E)-2-cyanocinnamates in the synthesis of spiroheterocycles containing a rigid aryl-
propyl-amide moiety is described. A series of spiro-1,4-diazepane-2,5-diones are prepared via head-to-tail cyclization 
reactions of the terminal amine and the terminal ester of linear dipeptides consisting of a cyclic α,α-disubstituted β-
amino acid and α-amino acids. To induce ring closure of the dipeptide precursor, both lactamization of the N1/C2 
amide bond and the incorporation of a N,N-disubstituted amide bond in the peptide sequence are essential. As spin-off 
of this research, the synthesis of a spiro-3-amino-2,4-piperidinedione is discussed. Finally, the preparation of a 
spiropyrimidinedione and a series of spiro β-lactams from methyl (E)-2-cyano-2-phenylprop-2-enoate is disclosed.  
 
 
5.1 General introduction 
 
In the previous chapter, the utility of 3-organyl-2-nitroprop-2-enoates in the solution and solid 
phase synthesis of a series of spirofused hydantoins was demonstrated. Upon application of 3-aryl-
2-nitroprop-2-enoates, spirofused hydantoins containing a conformationally restricted 
arylethylamide moiety were prepared. Since amides can be converted to amines, these compounds 
are valuable precursors for the synthesis of spiroheterocycles containing the biologically relevant 
arylethylamine moiety. In principle, a similar strategy can be employed for the synthesis of 
spiroheterocycles having an arylpropylamide moiety by starting from 3-aryl-2-cyanoprop-2-enoates. 
The utility of 3-aryl-2-cyanoprop-2-enoates as starting material in the synthesis of paroxetin 
derivatives via a Diels-Alder reaction with enol ethers was previously demonstrated in our 
laboratory.1 In this chapter the application of methyl (E)-2-cyano-2-phenylprop-2-enoate as 2π 
component in a (4+2) cycloaddition reaction with 2,3-dimethylbuta-1,3-diene leading to the 
synthesis of a series of spiroheterocycles containing an arylpropylamide moiety is explored. The 
main part of this chapter is focused on the synthesis of spiro-1,4-diazepane-2,5-diones via a head-
to-tail cyclization reaction of a linear dipeptide consisting of a cyclic α,α-disubstituted β-amino 
acid and α-amino acids. As spin-off of this research, the synthesis of a spiro-3-amino-2,4-
piperidinedione is discussed. In the remainder of this chapter the synthesis of spiropyrimidinediones, 
spiro β-lactams, and studies towards a solid-phase approach are investigated.  
 
 
                                                 
∗  Part of this chapter was published in: L. W. A. van Berkom, R. de Gelder, H. W. Scheeren, Eur. J. Org. Chem. 
2005, 907-917. 
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5.2 Synthesis of spiro-1,4-diazepane-2,5-diones 
 
5.2.1 Introduction 
 
The exploration of privileged structures in drug discovery has gained significant popularity and 
relevance in recent years. 2  An important example of these privileged structures, the 1,4-
benzodiazepine-2,5-diones, have been reported to possess a wide range of pharmacological 
activities.3 Whereas many reports describe the synthesis of 1,4-benzodiazepine-2,5-diones,4 few 
describe the synthesis of 1,4-diazepane-2,5-diones.5,6  
Usually, 1,4-diazepane-2,5-diones are synthesized by head-to-tail cyclization of the terminal amine 
and carboxylic acid of a linear dipeptide, consisting of an α- and a β-amino acid, using a 
carboxylate activating reagent. Unfortunately, these cyclization reactions are sometimes 
accompanied by dimerization of the dipeptide precursors and usually proceeds in low or moderate 
yields. Recently, Van Maarseveen and co-workers succeeded to improve the yield of 1,4-diazepane-
2,5-dione formation by using an intramolecular Staudinger ligation reaction.5b Remarkably, few 
examples have been reported in which diazepane formation was accomplished by direct 
lactamization of the terminal ester and terminal amine without conversion of the ester to a(n) 
(activated) carboxylic acid followed by ring-closure.6  
As continuation of our research on the application of cyanoalkenes in cycloaddition reactions 
leading to conformationally constrained aryl-ethyl/propyl-amines and derivatives thereof, we set out 
to study the preparation of compounds in which an aryl-propyl-amide moiety is fixed within a 8,11-
diazaspiro[5.6]dodec-2-ene-7,10-dione (I) (Figure 5.1). These 6-spiro-1,4-diazepane-2,5-diones I 
were envisioned to arise from the dipeptides II or III via lactamization of the N4/C5 or the N1/C2 
amide bond (pathway A and B, Figure 5.1). In turn, precursor II and III can be obtained from the 
cyclic β-amino ester IV which can be prepared from a 3-aryl-2-cyanoprop-2-enoate V using a 
cycloaddition reaction. In section 5.2.2, the structural requirements for a head-to-tail cyclization 
reaction to give 6-spiro-1,4-benzodiazepane-2,5-diones (I) via either pathway A or B are 
investigated. 
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Figure 5.1 General synthetic strategy towards 6-spiro-1,4-diazepane-2,5-diones. 
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5.2.2 Results and discussion 
 
5.2.2.1 Pathway A 
 
To prepare 6-spiro-1,4-diazepane-2,5-diones I according to the strategy outlined in figure 5.1, 
methyl (E)-2-cyano-3-phenylprop-2-enoate (1) was reacted with an excess of 2,3-dimethylbuta-1,3-
diene to obtain cycloadduct 2 in quantitative yield (Scheme 5.1). Although compound 1 can be 
converted to a variety of 5 or 6 membered (hetero)cycles,7 all compound in this chapter were 
prepared from cycloadduct 2, because of: i) the robustness of the resulting cycloadduct, ii) the ease 
of purification, and iii) the ease of characterization. Nitrile 2 was reduced using Raney nickel and 
hydrogen to give the amine 3 in quantitative yield.8  
Fmoc-Gly-OH was coupled with the amine 3 using 1,3-diisopropylcarbodiimide and a catalytic 
amount of N-hydroxybenzotriazole to obtain the amide 4 in 98%. The Fmoc group was removed 
using sodium hydroxide to obtain the amine 6 in a yield of 80%.  
Since the rate of cyclization reactions is enhanced by the gem-dialkyl effect,9 compound 7 was 
synthesized (Scheme 5.1). Compound 7 was obtained in a yield of 84% by coupling of amine 3 with 
Fmoc-Aib-OH using 1,3-diisopropylcarbodiimide followed by removal of the Fmoc group under 
basic conditions. 
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Scheme 5.1 Synthesis of amines 6 and 7. Reagents and conditions: a) 2,3-dimethylbuta-1,3-diene, reflux, 40 h, 99%; b) 
Raney nickel, 1 bar H2, 1 M NH3/MeOH, rt, 9 h, 100%; c) Fmoc-Gly-OH, DIC, HOBt, rt, 17 h, 98% for 4; or Fmoc-
Aib-OH, DIC, HOBt, rt, 24 h, 100% for 5; d) THF/MeOH/1 M NaOH : 10/2/1.5, rt, 1 h, 80% for 6; or piperidine/THF, 
rt, 1 h, 84% for 7. 
 
To prepare 6-spiro-1,4-diazepane-2,5-diones a series of reactions were conducted. Unfortunately, 
reaction of neither the amine 6 or 7 under thermal conditions, acidic conditions, basic conditions, or 
high pressure conditions resulted in 1,4-diazepane-2,5-dione formation. 
It was reasoned that the failure of the amines 6 and 7 to react via head-to-tail cyclization might be 
caused by the preferred anti-periplanar or trans conformation of the amide bond which prevents the 
terminal amine group and ester group to come in close proximity.10  To solve this problem a 
conformationally unbiased N,N-disubstituted amide bond was incorporated in the peptide 
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sequence.11 For this purpose, substitution of the amide bond with a benzyl group appeared to be 
most versatile option since it has been demonstrated that, if desired, the benzyl group can be 
removed.12 
To test this hypothesis, the linear precursor 10 was synthesized according to the route depicted in 
Scheme 5.2. The amino ester 8 was obtained in a yield of 79% by reaction of the amine 3 with 
benzaldehyde, followed by reduction with sodium borohydride. The amino ester 8 was coupled with 
Fmoc-Gly-OH to obtain the protected amine 9. The protecting group was removed using sodium 
hydroxide to obtain the amine 10 in a yield of 79%. NMR assignment of the compounds 9 and 10 
was hampered by presence of two conformers in solution, which is indicative for a 
conformationally unbiased amide bond in the peptide sequence. Disappointingly, the cyclization of 
compound 10 did not succeed using thermal conditions, acidic conditions, basic conditions or high 
pressure conditions. Interestingly, upon attempted diazepane formation by refluxing amine 10 in a 
solution of acetic acid/toluene, acylation of the primary amine occurred (see section 5.3).  
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Scheme 5.2 Conversion of 3 to 10. Reagents and conditions: a) PhCHO, MgSO4, Et2O, rt, 1 h; b) NaBH4, MeOH, rt, 14 
h, 79%; c) Fmoc-Gly-OH, DIC, HOBt, rt, 17 h, 85%; d) THF/MeOH/1 M NaOH : 6/1/1, rt, 1 h, 79%. 
 
The chemical inertness, with respect to diazepane formation, of the compounds 6, 7, or 10, is 
probably caused by the lack of reactivity of the hindered carboxylate ester.13 This problem can be 
circumvented by following pathway B which involves lactamization of an unhindered terminal 
amine and an unhindered terminal ester (Figure 5.1). 
 
5.2.2.2 Pathway B 
 
Hydrolysis of the ester 2 gave the acid 11 in 99% yield (Scheme 5.3). Upon coupling of 11 with 
glycine methyl ester hydrochloride using 1,3-diisopropylcarbodiimide, the amide 12 was obtained 
in a yield of 75%. After reduction of compound 12 with Raney nickel to obtain the amino ester 13, 
a series of cyclization reactions were attempted. However, diazepane formation could not be 
induced. 
 
Synthesis of spiroheterocycles from (E)-2-cyanocinnamates 
 79
Ph
MeO
O
CN
Ph
HO
O
CN
Ph
N
H
O
CN
O
MeO
Ph
N
H
O
O
MeO
NH2
(±)-2 (±)-11 (±)-12 (±)-13
a b c
 
 
Scheme 5.3 Conversion of 2 to 13. Reagents and conditions: a) LiOH, THF/MeOH/H2O : 2/1/1, rt, 1 h, 99%; b) H-Gly-
OMe•HCl, Et3N, DIC, HOBt, THF, rt, 48 h, 75%; c) Raney nickel, 1 bar H2, 1 M NH3/MeOH, 4 h, 93%. 
 
To favor diazepane formation, an N,N-disubstituted amide bond was incorporated in the dipeptide 
sequence (Scheme 5.4). For this reason, the acid 11 was coupled with N-benzylglycine methyl ester 
using oxalyl chloride to yield the desired amide 14 in a yield of 77%.14  
Unexpectedly, treatment of compound 14 with Raney nickel and hydrogen in ammonia/methanol 
did not yield the desired amine 15, but in stead compound 16 was formed. Further research revealed 
that compound 16 was also formed in the absence of Raney nickel by treatment of the nitrile 14 
with triethylamine. When it was attempted to crystallize enamine 16 from dichloromethane/heptane 
compound 17 was obtained in a yield of 63%.15 The structure of compound 17 was determined 
using X-ray crystallography (Figure 5.2).16 
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Scheme 5.4 Conversion of 11 to 18 and formation of 17. Reagents and conditions: a) (COCl)2, DMF, THF, 0 oC, 2 h, 
then Et3N, Bn-Gly-OMe, CH2Cl2, rt, 20 h, 77%; b) Et3N, MeOH, rt, 20 h, 100%; c) Raney nickel, 50 bar H2, 80 oC, 17 h, 
72%. 
 
 
Figure 5.2 PLATON17 drawing of compound 17. 
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To prevent the formation of compound 16, the reduction of the nitrile 14 was performed under non-
basic reaction conditions. Surprisingly, reaction of the nitrile 14 with Raney nickel and hydrogen at 
80 oC, did not yield the amine 15 but instead spontaneous cyclization occurred to give the diazepane 
18 in a yield of 72%. 
Stimulated by these results, diazepane formation was investigated for a more hindered precursor. 
For this purpose, the acid 11 was coupled with N-benzylalanine methyl ester (19) using oxalyl 
chloride to yield the compound 20 as a mixture of diastereoisomers (Scheme 5.5). In accordance 
with the synthesis of compound 18, it was found that upon reduction of the nitrile group, 
spontaneous cyclization occurred yielding the diazepane 21 as a mixture of two diastereoisomers in 
98%. 
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Scheme 5.5 Synthesis of 21. Only the diastereoisomers resulting from reaction of (1R,6S)-11 with Bn-Ala-OMe are 
shown. Reagents and conditions: a) (COCl)2, DMF, THF, 0 oC, 2 h, then Et3N, Bn-Ala-OMe (19), CH2Cl2, rt, 20 h, 84%; 
b) Raney nickel, 20 bar H2, 1 M NH3/MeOH, rt, 22 h, 98%. 
 
Since pyrrolo[2,1-c][1,4]benzodiazepines have been reported to possess high biological activity,18 it 
was attempted to synthesize a spirofused diazepane derived from compound 11 and proline. 
Coupling of H-Pro-Ot-Bu with the acid 11 gave the diastereoisomers 22a and 22b in a yield of 93% 
(Scheme 5.6). Next, the nitrile group of diastereoisomers 22a and 22b was hydrogenated using 
Raney nickel. Whereas the reduction of diastereoisomer 22a gave the diazepane (-)-23a, 
diastereoisomer 22b yielded the amine 24 in 83%. To obtain the diazepane 23b, the amine 24 was 
heated in the presence of triethylamine in methanol. After 3 days the reaction was finished and the 
products (+)-23b and (+)-23a were formed in a ratio of 3.5/1 respectively. To prevent the formation 
of diazepane (+)-23a, the cyclization of amine 24 was attempted under non-basic conditions. 
Refluxing a solution of amine 24 in toluene for 5 days gave the diazepane 23b in a yield of 88%. 
The absolute stereochemistry of the diazepanes (-)-23a and (+)-23b was determined using X-ray 
crystallography (Figure 5.3).16 
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Scheme 5.6 Conversion of 11 to 23a and 23b. Reagents and conditions: a) (COCl)2, DMF, THF, 0 oC, 2 h, then Et3N, 
H-Pro-Ot-Bu, CH2Cl2, rt, 17 h, 93%; b) Raney nickel, 40 bar H2, 1 M NH3/MeOH, rt, 17 h, 85% for (-)-23a, 83% for   
(-)-24; c) toluene, reflux, 5 d, 88%. 
 
               
 
Figure 5.3 PLATON17 drawings of compounds (-)-23a and (+)-23b 
 
5.3 Formation of six-membered spiro-3-amino-2,4-piperidinediones 
 
As was previously mentioned in section 5.2.2.1, various attempts to cyclize the amine 10 to give a 
diazepane did not succeed (Scheme 5.2). When it was tried to induce diazepane formation by 
heating a solution of 10 in acetic acid and toluene ring closure did not occur. In stead, acylation of 
the primary amine occurred to give the amide 26 in a yield of 94% (Scheme 5.7). Whereas, 
acylation reactions are usually performed using acid anhydrides or acid chlorides, or occasionally 
using acetic acid and a catalyst,19 compound 26 was formed in excellent yield using acetic acid 
without additional catalyst. 
Having obtained the amide 26, it was tried to prepare a spirofused diazepane by deprotonation of 
the amide nitrogen of compound 26 followed by cyclization. Surprisingly, reaction of 26 with 
potassium tert-butoxide resulted in a 58% conversion to the tautomers 27a and 27b which were 
isolated after column chromatography in a yield of 49% and in a ratio of 2/1 respectively (Scheme 
5.7).20,21 Upon prolonged reaction times the conversion of the reaction did not improve and the 
formation of a couple of by-products was observed. 
 
Chapter 5 
 82 
Ph
MeO
O N
OH2N
(±)-10
Ph
Ph
MeO
O N
OAcHN
(±)-26
Ph
Ph
(±)-27b
N
O O
NHAc
Ph
N
O OH
NHAc
(±)-27a
a
b
Ph
N
N
O O
Ac
Ph
PhPh
 
Scheme 5.7 Conversion of 10 to 27. Reagents and conditions: a) AcOH/toluene : 1/20, reflux, 17 h, 94%; b) KOt-Bu, 
THF, rt, 18h, 49%, 27a/27b : 2/1. 
 
Supposedly, in the presence of potassium tert-butoxide, an equilibrium between 26, 26C, and 26N is 
established (Scheme 5.8). In spite off the formation of 26N, formation of the seven-membered 
diazepane is not observed and only compound 27a and 27b are formed (k3 < k4). Reaction of 
compound 26 with an excess of LDA resulted in full recovery of the starting material from the 
reaction mixture. Whereas using potassium tert-butoxide an equilibrium between compound 26, 
26C, and 26N is formed, application of LDA results in complete and non-reversible deprotonation to 
give 26N, which subsequently remains in solution until work-up. 
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Scheme 5.8 Mechanism for formation of compound 27a and 27b. 
 
After the formation of compounds 27a and 27b from compound 26, it was investigated whether this 
reaction would also occur for compounds having a substituent (R = Me or Ph) on the α-carbon 
(Scheme 5.9). To obtain the compounds 28 and 29, it was attempted to couple Ac-Ala-OH and Ac-
Phg-OH with amine 8. Upon reaction of compound 8 with Ac-Ala-OH, using standard peptide 
coupling reagents such as 1,3-diisopropylcarbodiimide or PyBOP, the desired product 28 was not 
obtained. Also conversion of Ac-Ala-OH to the activated N-hydroxysuccinimide ester, followed by 
coupling with compound 8 failed.  
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The difficulties encountered in this coupling step are probably caused by: i) poor reactivity of the 
secondary amine 8, and ii) the formation of 5(4H)-oxazolone 30 after activating of Ac-Ala-OH 
(Scheme 5.10). Not only is 5(4H)-oxazolone formation especially facile for N-acylamino acids22, 
5(4H)-oxazolones may actually participate in the peptide coupling reactions. 23  Whereas, the 
secondary amine 8 appeared insufficiently reactive to obtain the amide 28, reaction of benzylamine 
with Ac-Ala-OH using 1,3-diisopropylcarbodiimide and N-hydroxysuccinimide yielded Ac-Ala-
NHBn (31) (not depicted) in moderate yield.24 
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Scheme 5.10 Formation of oxazolone from activated amino acid. 
 
Since, the formation of 5(4H)-oxazolones is suppressed in amino acids having a carbamate 
protecting group,22 it was attempted to synthesize compounds 28 and 29 via coupling of compound 
8 with Fmoc-Ala-OH and Fmoc-Phg-OH, followed by deprotection and acylation. Coupling of 
amine 8 with Fmoc-Ala-OH and Fmoc-Phg-OH using 1,3-diisopropylcarbodiimide gave compound 
32 and compound 33 in a yield of 77% and 69% respectively (Scheme 5.11). Both compound 32 
and 33 were obtained as a mixture of two diastereoisomers which could not be separated. Next, the 
Fmoc group was removed to give the amines 34 and 35 in good yield. Finally the amines 34 and 35 
were acylated by treatment with 5% acetic acid in toluene to obtain the amides 28 and 29 in a yield 
of 87% and 65% respectively. In contrast with the purification of compounds 32-35, the 
diastereoisomeric mixture of the compounds 28 and 29 could be separated using column 
chromatography. 
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Scheme 5.11 Conversion of 8 to 28 or 29. Reagents and conditions: a) DIC, HOBt, THF, rt, 21 h, 77% for 32, 69% for 
33; b) THF/MeOH/1 M NaOH, rt, 4 h, 91% for 34, 95% for 35; c) 5% AcOH/toluene, reflux, 22 h, 87% for 28, 65% for 
29. 
 
Next, attention was focused on the potassium tert-butoxide mediated cyclization of 28 and 29. 
Unfortunately, treatment of neither compounds 28 or 29 with potassium tert-butoxide resulted in 
cyclization. Instead, only epimerization of the α-proton of the amino acid side chain was observed.  
 
5.4 Synthesis of a spiropyrimidinedione and spiro β-lactams 
 
As was exemplified in the previous sections, α,α-disubstituted cyclic cyano ester 2 is a versatile 
synthon for the preparation of series of spiroheterocycles. Compound 2 can, for example, be 
derivatized by hydrolysis of the ester bond to give 11 or via hydrogenation (and reductive alkylation) 
to give the amines 3 or 8. 
It was envisioned that, starting from the cyclic α,α-disubstituted β-amino esters 3 and 8, it might be 
feasible to synthesize other spirofused heterocycles such as spiropyrimidinediones or spiro β-
lactams.  
The pyrimidinedione moiety is a common structure in nature found in, for example, the nucleotide 
bases uracil and thymine. In addition, certain pyrimidine based compounds have found application 
in medicine e.g. the anti-AIDS compound AZT.25 Because of the biological relevance of these 
compounds, the synthesis of a spiropyrimidinedione by reaction of amine 3 with an isocyanate 
followed by ring closure, was briefly explored.  
Compound 36 was obtained in quantitative yield by reaction of the amine 3 with phenyl isocyanate 
(Scheme 5.12). Whereas, reaction of compound 36 at elevated temperature in toluene in the absence 
or presence of triethylamine, did not result in ring closure, it was found that treatment with 
potassium tert-butoxide at room temperature resulted in formation of compound 37 in excellent 
yield. 
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Scheme 5.12 Conversion of 3 to 37. Reagents and conditions: a) PhNCO, CH2Cl2, 20 min., rt, 100%; b) KOt-Bu, THF, 
4 h, rt, 91%. 
 
Next, it was attempted to synthesize spirofused β-lactams by direct cyclization of the cyclic α,α-
disubstituted β-amino esters 3 and 8. Over the years there has been significant interest in spirofused 
2-azetidinones 26  not only because of their antiviral 27  and antibacterial properties, 28  but more 
recently because spirocyclic β-lactams have been reported to behave as β-turn mimetics29 and as 
cholesterol absorption inhibitors. 30  Treatment of the amines 3 or 8 with methylmagnesium 
bromide31 resulted in the formation of azetidinones 38 or 39 in a yield of 75% or 71% respectively 
(Scheme 5.13). 
 
Ph
MeO
O
H
N
(±)-3: R = H
(±)-8: R = Bn
R
Ph
N
O
R
(±)-38: R = H
(±)-39: R = Bn
a
 
 
Scheme 5.13 Conversion of 3 and 8 to 38 and 39. Reagents and conditions: a) MeMgBr, THF, 90 min, rt, 75% for 38, 
71% for 39. 
 
5.5 Preliminary experiments towards solid-phase approach 
 
Having established the utility of methyl (E)-2-cyano-3-phenylprop-2-enoate in the synthesis of a 
variety of spiroheterocycles, it was investigated whether the synthetic methodology as outlined in 
the previous sections was applicable in a solid-phase approach.  
To enable the cleavage of intermediate products from the solid-support, it was decided to use the 
acid labile Wang resin. Cyanoacetic acid was coupled to the Wang resin using 1,3-
diisopropylcarbodiimide and N-hydroxybenzotriazole to give polymer bound cyanoacetic acid 40 in 
a yield of 91% (Scheme 5.14). Next, polymer supported cyanoacetic acid was reacted with 
benzaldehyde using microwave irradiation to obtain the cyano alkene 41. To obtain polymer 
supported cycloadduct 42, the resin 41 was reacted with 2,3-dimethylbuta-1,3-diene at 1.5 GPa and 
room temperature. Indicative for the formation of the cycloadduct 42 was a shift of the both the 
nitrile and the C=O stretch to higher frequency in the IR (ν(CN) from 2223 cm-1 to 2243 cm-1 and 
ν(C=O) from 1723 cm-1 to 1736 cm-1). To obtain more evidence for the formation of cycloadduct 42, 
the resin was treated with 10% TFA/dichloromethane to obtain compound 11 in a yield of 78% and 
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in >98% purity according to GC and 1H-NMR. Next, it was attempted to perform a reductive 
cleavage from the resin 42. Treatment of the resin 42 with lithium aluminum hydride yielded after 
aqueous work-up the γ-amino alcohol 43 in yield of 42%. 
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Scheme 5.14 Solid phase synthesis of 42. Reagents and conditions: a) DIC, HOBt, THF, rt, 24 h, 91%; b) PhCHO, 
NH4OAc, THF, 350 W, 20 min.; next Ac2O, 250 W, 20 min.; c) 2,3-dimethylbuta-1,3-diene, CH2Cl2, 1.5 GPa, rt, 20 h; 
d) TFA/CH2Cl2, rt, 14 h, 78%; e) LiAlH4, THF, rt, 16 h, 42%.  
 
Although, suitable conditions for the synthesis of polymer supported cyano ester 42 were 
discovered, a procedure for the chemoselective reduction of the nitrile group was still required. In 
section 5.2.2.1, the conversion of nitrile 2 to amine 3 using Raney nickel was described (Scheme 
5.1). However, since Raney nickel is a heterogeneous reducing agent, it is not suited for application 
in a solid phase approach and another procedure for the chemoselective reduction of the nitrile was 
needed. To facilitate reaction monitoring, it was decided to look for alternative reduction methods 
by studying compound 2 in stead of compound 42.  
Since catalytic homogeneous hydrogenation of nitriles is still at an early stage of development,32 
research was focused on the application of a hydride donor for the selective reduction of a nitrile.33 
Whereas lithium aluminum hydride is usually not chemoselective, sodium borohydride is generally 
not strong enough to bring about reduction of the nitrile group. Interestingly, numerous reports 
describe the reactivity changes of these reagents upon addition of transition metals. The best studied 
conditions involve sodium borohydride in combination with cobalt34 or nickel salts35 to give in situ 
either cobalt (II) boride or nickel (II) boride. Unfortunately, the actual mechanisms of these 
reductions are heterogeneous in nature,34a,b which renders these methodologies unfit for our solid-
phase approach. With these considerations at heart, it was attempted to perform the chemoselective 
reduction using lithium aluminium hydride, sodium borohydride, borane-tetrahydrofuran, borane-
dimethylsulfide, NaBH4-trifluoracetic acid,36 NaBH4-acetic acid, and NaBH4-monofluoracetic acid 
(Table 5.1). The reactions were monitored using TLC and the products of the reactions were 
analyzed using GC-MS. Unfortunately, in most cases these conditions resulted either in 
decomposition of starting material, reduction of the methyl ester, or full recovery of the starting 
material (entry 1-6). Interestingly, application of NaBH4-monofluoracetic acid resulted in the 
formation of the desired amine 3 (Scheme 5.1) as the minor product and the alcohol 45 as the major 
product (Table 5.1, entry 7). Despite, this encouraging result it was not attempted to translate these 
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conditions to the solid-phase, because application of these conditions would result in a significant 
loss of the yield because of premature reductive cleavage from the resin.  
Table 5.1 Reduction of 2. 
Ph
CN
MeO
O
(±)-2
Ph
CN
R
(±)-44: R = CHO
(±)-45: R = CH2OH 
 
 Conditions Result 
1 LiAlH4, THF, -78 oC 80%,a 44/45 : 1/1b 
2 NaBH4, EtOH/THF, rt 76%,c 45 
3 BH3-THF, rt No reaction 
4 Me2S-BH3, THF, reflux Dec. 
5 NaBH3OTf, THF, rt Dec. 
6 NaBH3OAc, THF, rt No reaction 
7 NaBH3(CH2FCOO), THF, rt 3/45 : 1/1.3d 
a Yield after aqueous work-up. b Product ratio based on GC. c Isolated yield. d Product ratio based on 1H-NMR. 
 
5.6 Conclusions 
 
The application of methyl (E)-2-cyano-2-phenylprop-2-enoate as starting material in the synthesis 
of a series of spiroheterocycles containing a conformationally restricted arylpropylamide moiety 
was investigated.  
An efficient methodology for the synthesis of spiro-1,4-diazepane-2,5-diones via a head-to-tail 
lactamization of the terminal amine and the terminal carboxylate ester of a dipeptide consisting of a 
cyclic α,α-disubstituted β-amino acid and an α-amino acid was found. Whereas lactamization of 
the N4/C5 amide bond (pathway A) proved unsuccessful, ring closure of the N1/C2 amide bond 
(pathway B) was more viable (Figure 5.1). It was found that for cyclization to occur, it is essential 
that a conformationally unbiased N,N-disubstituted amide bond is incorporated in the linear 
dipeptide sequence. 
In the remainder of this chapter, it was demonstrated that from methyl (E)-2-cyano-2-phenylprop-2-
enoate a series of other heterocyclic compounds such as spiro-3-amino-2,4-piperidinedione, 
spiropyrimidinediones, and spiro β-lactams can be obtained.  
Finally, the utility of polymer supported 2-cyano-2-phenylprop-2-enoate was briefly studied. 
Unfortunately, the solid phase approach was hampered by the chemoselective reduction of nitrile 42.   
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5.8 Experimental section 
 
General remarks: for general experimental details, see section 2.5. 
 
Literature preparations: methyl (E)-2-cyano-3-phenylprop-2-enoate (1) was prepared by condensation of 
benzaldehyde with methyl cyanoacetate in the presence of piperidine in ethanol solution.37 N-benzylglycine methyl 
ester and N-benzylalanine methyl ester {[α]D20 = - 40.6 o (c = 1.0, methanol), lit.38 [α]D21 = - 41.0 o (c = 1.8, methanol)} 
were prepared by reductive amination of the corresponding amino acid methyl ester hydrochloride.39  
 
(±)-Methyl (1R,6S)-1-cyano-3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylate (2): a mixture of cyanoalkene 1 
(11.9 g, 63.6 mmol) and 5-tert-butyl-4-hydroxy-2-methylphenyl sulfide (100 mg) was heated to reflux in 2,3-
dimethylbuta-1,3-diene (25 mL, 221 mmol). After 40 h the reaction mixture was evaporated to dryness in vacuo. The 
crude product was crystallized from a small amount of hot ethanol to give the cycloadduct 2 (15.6 g, 90%) as white 
crystals. A second crop (1.60 g, 9%) was obtained by concentration of the mother liquid and crystallization from hot 
ethanol. Analytical data in accordance with the literature.40 
 
(±)-Methyl (1R,6S)-1-(aminomethyl)-3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylate (3): cycloadduct 2 (870 
mg, 3.23 mmol) was dissolved in 1 M ammonia/methanol (20 mL). Raney nickel (spoontip) was added and the reaction 
mixture was stirred under an atmosphere of hydrogen for 9 h at room temperature. The reaction mixture was filtered 
over Celite® and the filtrate was concentrated to dryness to yield the amine 3 (882 mg, 100%). The crude product was 
sufficiently pure for further reactions and was used as such. 1H-NMR (300 MHz) δ 1.05 (bs, 2H), 1.66 (s, 3H), 1.72 (s, 
3H), 1.69 (bd, 1H, J = 18.3), 1.98 (bd, 1H, J = 17.1), 2.37-2.56 (m, 2H), 2.46 (d, 1H, J = 12.9), 2.78 (d, 1H, J = 12.9), 
3.43 (dd, 1H, J = 5.4, 5.4), 3.64 (s, 3H), 7.15-7.28 (m, 5H). 13C-NMR (75 MHz) δ 18.7, 19.1, 34.2, 35.8, 43.4, 46.1, 
51.7, 52.2, 124.2, 124.7, 126.7, 128.2, 128.6, 142.5, 176.2. HRMS calcd for M+ (C17H28N1O2): 273.1729 found 
273.1726. IR (film): ν = 2907, 1727, 1455, 1433, 1200, 703 cm-1. 
 
(±)-Methyl (1R,6S)-1-{[(2-{[(9H-fluoren-9-ylmethoxy)carbonyl]amino}acetyl)amino]methyl}-3,4-dimethyl-6- 
phenylcyclohex-3-ene-1-carboxylate (4): Fmoc-Gly-OH (1.26 g, 4.23 mmol) was dissolved in anhydrous 
tetrahydrofuran (10 mL) and the solution was cooled to 0 oC. The solution was stirred and 1,3-diisopropylcarbodiimide 
(691 µL, 4.41 mmol) and N-hydroxybenzotriazole (5 mg) were added. After 15 minutes a solution of the amine 3 (1.05 
g, 3.84 mmol) in tetrahydrofuran (6 mL) was added dropwise to the reaction mixture. After addition of the amine, the 
reaction mixture was slowly warmed to room temperature. After 17 h the reaction mixture was evaporated to dryness 
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and the residue was dissolved in dichloromethane. The organic layer was washed once with aqueous saturated sodium 
bicarbonate and aqueous 0.5 N potassium hydrogensulfate. The organic layer was dried (sodium sulfate), filtered and 
evaporated to dryness. The crude product was purified using column chromatography (CH2Cl2/MeOH : 50/1) to give 
the amide 4 (2.10 g, 98%) as a white foam. 1H-NMR (300 MHz) δ 1.66 (s, 3H), 1.68 (s, 3H), 1.93 (d, 1H, J = 17.1), 
2.24 (dd, 1H, J = 6.0, 18.0), 2.39 (dd, 1H, J = 8.4, 18.0), 2.56 (d, 1H, J = 17.1 ), 3.25 (dd, 1H, J = 4.5, 13.2), 3.41 (dd, 
1H, J = 6.0, 8.4), 3.56 (s, 3H), 3.61 (dd, 1H, J = 7.8, 13.2), 3.71-3.79 (m, 2H), 4.19 (t, 1H, J = 6.9), 4.37 (d, 1H, J = 6.9), 
5.33 (bs, 1H), 6.16 (bs, 1H), 7.10-7.40 (m, 7H), 7.36 (t, 2H, J = 7.2), 7.54 (d, 2H, J = 7.2), 7.72 (d, 2H, J = 7.5). 13C-
NMR (75 MHz) δ 19.1, 19.3, 34.9, 36.2, 40.3, 44.9, 47.3, 51.1, 52.2, 67.4, 120.0, 123.5, 124.1, 125.0, 127.0, 127.1, 
127.7, 128.3, 128.5, 141.0, 141.2, 143.6, 168.5, 175.7. MS (EI): m/z (%) 552 (7) [M]+, 330 (27) [M-Fmoc]+, 178 (100). 
HRMS calcd for M+ (C34H36N2O5): 552.2624 found 552,2628. IR (film): ν = 2910, 1718, 1671, 1519, 1446, 1230, 906, 
759, 728, 707 cm-1.   
 
(±)-Methyl (1R,6S)-1-{[(2-aminoacetyl)amino]methyl}-3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylate (6): 
the protected amine 4 (272 mg, 494 µmol) was dissolved in a mixture of tetrahydrofuran (10 mL), methanol (2 mL) and 
1 M NaOH/H2O (1.5 mL). The reaction mixture was stirred at room temperature for 1 h and the reaction was quenched 
with acetic acid (90 µL). The reaction was concentrated to dryness in vacuo and the residue was dissolved in 
dichloromethane. The organic layer was washed with aqueous saturated sodium bicarbonate. The organic layer was 
dried (sodium sulfate), filtered and evaporated in vacuo. The crude product was purified using an isolute® SCX-2 SPE-
column. The crude product was loaded on the column dissolved in dimethylformamide. The product was eluted from 
the column using first methanol and then 1 M ammonia/methanol. The amine 6 (130 mg, 80%) was obtained as a clear 
oil. 1H-NMR (300 MHz) δ 1.44 (bs, 2H), 1.68 (s, 6H), 1.93 (d, 1H, J = 16.7), 2.27-2.39 (m, 2H), 2.56 (d, 1H, J = 16.7), 
3.23 (dd, 1H, J = 4.8, 13.2), 3.26 (s, 3H), 3.42-3.52 (m, 2H), 3.61 (s, 3H), 7.10-7.28 (m, 5H), 7.37 (bs, 1H). 13C-NMR 
(75 MHz) δ 19.1, 19.3, 35.3, 35.7, 41.0, 44.4, 44.9, 51.0, 52.1, 123.7, 124.2, 126.9, 128.2, 128.5, 141.4, 172.3, 175.5. 
HRMS calcd for M+ (C19H26N2O3): 330.1942 found 330.1944. IR (film): ν = 2907, 1722, 1666, 1524, 1433, 1225, 1204, 
1126, 1100, 728, 703 cm-1.  
 
(±)-Methyl (1R,6S)-1-{[(2-{[(9H-fluoren-9-ylmethoxy)carbonyl]amino}-2-methylpropanoyl)amino]methyl}- 
3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylate (5): to a solution of 2-{[(9H-fluoren-9-
ylmethoxy)carbonyl]amino}-2-methylpropanoic acid (Fmoc-Aib-OH) (292 mg, 897 µmol) in anhydrous 
tetrahydrofuran (1 mL) at 0 oC was added 1,3-diisopropylcarbodiimide (147 µL, 937 µmol) and N-
hydroxybenzotriazole (5 mg). The mixture was stirred for 15 minutes before a solution of the amine 3 (223 mg, 816 
µmol) in tetrahydrofuran (3 mL) was added dropwise to the reaction mixture. The reaction mixture was allowed to 
reach room temperature and was stirred for 24 h. After evaporation of the solvent, the residue was dissolved in 
dichloromethane and washed with aqueous saturated sodium bicarbonate and aqueous 0.5 N potassium hydrogensulfate. 
The organic layer was dried (sodium sulfate), filtered, and evaporated in vacuo. The crude product was purified using 
column chromatography (EtOAc/heptane: 2/5) to afford the product 5 (474 mg, 100%) as a white foam. Rf 
(EtOAc/heptane : 2/5) = 0.12. 1H-NMR (300 MHz) δ 1.44 (s, 3H), 1.47 (s, 3H), 1.66 (s, 3H), 1.68 (s, 3H), 1.99 (d, 1H, J 
= 16.8), 2.24 (dd, 1H, J = 6.0, 17.7), 2.37 (dd, 1H, J = 8.1, 17.7), 2.51 (bd, 1H, J = 16.8), 3.17 (dd, 1H, J = 4.2, 13.5), 
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3.42 (dd, 1H, J = 6.0, 8.1), 3.51 (s, 3H), 3.66 (dd, 1H, J = 8.1, 13.5), 4.16 (t, 1H, J = 6.6), 4.34 (d, 1H, J = 6.6), 5.33 (bs, 
1H), 6.46 (bs, 1H), 7.12-7.39 (m, 7H), 7.32-7.38 (m, 2H), 7.53-7.56 (m, 2H), 7.72 (d, 2H, J = 7.5). MS (EI): m/z (%) 
580 (8) [M]+, 549 (1) [M-OCH3]+, 520 (1) [M-COOCH3]+, 384 (29), 178 (69) [9-methylfluor-9-ylium]+, 165 (100). 
HRMS calcd for M+ (C36H40N2O5): 580.2937 found 580.2936. IR (film): ν = 2907, 1718, 1662, 1519, 1446, 1247, 1087, 
906, 737 cm-1. 
 
(±)-Methyl (1R,6S)-1-{[(2-amino-2-methylpropanoyl)amino]methyl}-3,4-dimethyl-6-phenylcyclohex-3-ene-1- 
carboxylate (7): the protected amine 5 (439 mg, 756 µmol) was dissolved in tetrahydrofuran/piperidine : 4/1 (5 mL). 
After 1 h the reaction mixture was evaporated to dryness and the crude product was subjected to solid-phase extraction 
using an isolute® SCX-2 column. The product was eluted from the column using first methanol and then 1 M 
ammonia/methanol. The desired amine 7 (229 mg, 84%) was obtained as a clear oil. 1H-NMR (300 MHz) δ 1.30 (s, 6H), 
1.67 (s, 6H), 1.90 (d, 1H, J = 16.5), 2.28-2.35 (m, 2H), 2.53 (bd, 1H, J = 16.5), 3.13 (dd, 1H, J = 4.8, 13.5), 3.44 (d, 1H, 
J = 8.1), 3.48 (d, 1H, J = 8.1), 3.60 (s, 3H), 7.13-7.27 (m, 5H). 13C-NMR (75 MHz) δ 19.0, 19.4, 29.5, 29.6, 35.3, 35.5, 
41.3, 44.4, 51.0, 52.1, 55.0, 123.8, 124.2, 126.9, 128.2, 128.6, 141.5, 175.5, 177.2. HRMS calcd for M+ (C21H30N2O3): 
358.2257 found 358.2257. IR (film): ν = 2911, 1722, 1662, 1511, 1433, 1217, 1096, 914, 733, 703 cm-1.  
 
(±)-Methyl (1R,6S)-1-[(benzylamino)methyl]-3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylate (8): the amine 3 
(1.29 g, 4.70 mmol) and benzaldehyde (549 mg, 5.17 mmol) were dissolved in diethyl ether (2 mL). Magnesium sulfate 
(1.0 g) was added and the reaction mixture was stirred at room temperature for 1 h. The reaction mixture and 
evaporated to dryness. The crude imine was dissolved in methanol (5 mL). The solution was stirred at 0 oC and sodium 
borohydride (190 mg, 5.02 mmol) was added in small portions to the reaction mixture to prevent excess foaming of the 
reaction mixture. The reaction mixture was allowed to reach room temperature and was stirred for 14 h. The reaction 
was quenched with acetic acid (300 µL) and the reaction mixture was concentrated in vacuo. The residue was dissolved 
in dichloromethane and the organic layer was washed once with aqueous saturated sodium bicarbonate. The aqueous 
layer was then extracted twice with dichloromethane. The combined extracts were dried (magnesium sulfate), filtered, 
and evaporated in vacuo. The crude product was purified using column chromatography (EtOAc/heptane : 1/7) to give 
the secondary amine 8 (1.36 g, 79%) as a clear oil that solified upon storage in the fridge. Mp (heptane) 63 oC. 1H-NMR 
(300 MHz) δ 1.36 (s, 1H), 1.63 (s, 3H), 1.68 (s, 3H), 1.99-2.18 (m, 2H), 2.33-2.54 (m, 2H), 2.36 (d, 1H, J = 11.4), 2.63 
(d, 1H, J = 11.4), 3.45 (dd, 1H, J = 4.8, 6.6), 3.47 (s, 3H), 3.64 (s, 2H), 7.12-7.28 (m, 10H). 13C-NMR (75 MHz) δ 19.1, 
19.5, 35.3, 36.1, 43.7, 51.2, 52.0, 53.2, 54.4, 124.39, 124.43, 126.6, 126.7, 127.9, 128.0, 128.1, 128.7, 140.5, 142.7, 
176.2. MS (EI): m/z (%) 363 (39) [M]+, 332 (1) [M-OCH3]+, 304 (1) [M-CH3OOC]+, 197 (22) [M-CH3OOC-
NH2CH2Ph]+, 120 (100) [CH2NHCH2Ph]+, 91 (93) [tropylium]+. HRMS calcd for M+ (C24H29NO2): 363.2198 found 
363.2198. IR (film): ν = 2911, 1722, 1493, 1455, 1195, 1126, 1100, 737, 703 cm-1. Anal. C24H29NO2 (363.5): calcd C 
79.30, H 8.04, N 3.85, found C 79.25, H 8.16, N 3.92. 
 
(±)-Methyl (1R,6S)-1-{[benzyl(2-[(9H-fluoren-9-ylmethoxy)carbonyl]amino)acetyl)amino]methyl}-3,4-dimethyl-
6-phenylcyclohex-3-ene-1-carboxylate (9): Fmoc-Gly-OH (930 mg, 3.13 mmol) was dissolved in anhydrous 
tetrahydrofuran (5 mL). The solution was cooled and 1,3-diisopropylcarbodiimide (513 µL, 3.28 mmol) and N-
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hydroxybenzotriazole (5 mg) were added to the reaction mixture. After 15 minutes, the amine 8 (1.08 g, 2.98 mmol) in 
anhydrous tetrahydrofuran (5 mL) was added dropwise to the reaction mixture. The reaction was allowed to reach room 
temperature. After 17 h the solvent was removed, and the residue was dissolved in dichloromethane. The organic layer 
was washed with aqueous saturated sodium bicarbonate and aqueous 0.5 N potassium hydrogensulfate. The organic 
layer was dried (sodium sulfate), filtered, and evaporated to dryness. The crude product was purified using column 
chromatography (EtOAc/heptane : 1/3) to give the protected amine 9 (1.71 g, 85%) as a white solid. Compound 9 is 
present as a mixture of conformers a/b in a ratio of 4/1 respectively in CDCl3. Selected signals41 1H-NMR (300 MHz) δ 
(a/b) 1.65 (s, 3H, 3H), 1.74 (s, 3H, 3H), 1.92-2.27 (m, 2H, 2H), 2.33-2.72 (m, 2H, 2H), 3.15 (d, 1H, J = 15.9), 3.26-3.47 
(m, 2H, 1H), 4.10-4.40 (m, 5H, 4H), 4.80 (d, 1H, J = 15.3), 6.85-7.77 (m, 18H, 18H). Selected signals41  13C-NMR (300 
MHz) δ (major conformer) 19.1, 19.8, 33.8, 36.6, 43.2, 44.2, 47.4, 50.8, 51.6, 52.6, 53.3, 67.2, 119.9, 124.2, 125.1, 
125.9, 127.0, 127.6, 127.7, 128.4, 128.9, 129.0, 135.5, 141.2, 142.2, 143.75, 143.82, 155.8, 169.3, 175.6. MS (EI): m/z 
(%) 642 (0.2) [M]+, 420 (10) [M-Fmoc]+, 390 (54) [M-Fmoc-NH2CH2]+, 91 (100). HRMS calcd for M+ (C41H42N2O5): 
642.3094 found 642.3095. IR (film): ν = 3062, 2898, 1722, 1658, 1495, 1450, 1265, 1210, 1048, 759, 735, 703 cm-1. 
 
(±)-Methyl (1R,6S)-1-{[(2-aminoacetyl)(benzyl)amino]methyl}-3,4-dimethyl-6-phenylcyclohex-3-ene-1- 
carboxylate (10): the protected amine 9 (1.68 g, 2.61 mmol) was dissolved in a mixture of tetrahydrofuran (30 mL), 
methanol (5 mL) and aqueous 1 M NaOH (5 mL). The reaction was stirred at room temperature for 1 h. The reaction 
was evaporated to dryness and the residue was partitioned between aqueous saturated sodium bicarbonate and 
dichloromethane. The organic layer was isolated and the aqueous layer was extracted twice with dichloromethane. The 
combined extracts were dried (magnesium sulfate), filtered, and evaporated to dryness. The crude product was purified 
using column chromatography (CH2Cl2/MeOH : 9/1) to yield the amino ester 10 (870 mg, 79%) as a white foam. 
Compound 10 is present as a mixture of conformers a/b in a ratio of 4/1 respectively in CDCl3. Selected signals41 1H-
NMR (300 MHz) δ (a/b) 1.64 (s, 3H), 1.74 (s, 3H), 1.86-2.20 (m, 2H, 2H), 2.32-2.59 (m, 2H, 2H), 3.97 (d, 1H, J = 
15.0), 4.27 (s, 2H), 4.96 (d, 1H, J = 15.0). 13C-NMR (75 MHz) δ (major conformer) 19.3, 19.9, 34.0, 36.8, 43.9, 44.3, 
51.0, 51.8, 52.7, 53.9, 124.3, 125.4, 125.9, 127.0, 127.6, 128.5, 129.1, 136.5, 142.5, 174.3, 175.8. GC-MS (EI): m/z (%) 
420 (40) [M]+, 390 (47) [M-NHCH2]+, 362 (9) [M-Gly]+, 91 (100). HRMS: calcd for M+ (C26H32N2O3): 420.2413 found 
420.2412. IR (film): ν = 2909, 1727, 1657, 1494, 1433, 1087, 735, 703 cm-1. 
 
(±)-(1R,6S)-1-Cyano-3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylic acid (11): the ester 2 (2.08 g, 7.74 mmol) 
was stirred in tetrahydrofuran (20 mL), methanol (10 mL), and aqueous 1.25 M LiOH (10 mL) at room temperature. 
After 1 h the reaction was quenched with acetic acid (750 µL). The reaction was concentrated in vacuo. The residue was 
diluted with aqueous 0.5 N potassium hydrogensulfate and the resulting solution was extracted three times with diethyl 
ether. The combined organic layers were dried (magnesium sulfate), filtered and evaporated to dryness to obtain the 
acid 11 (1.95 g, 99%). 1H-NMR (300 MHz) δ 1.71 (s, 6H), 2.25 (dd, 1H, J = 5.1, 17.3), 2.49 (d, 1H, J = 16.8), 2.62-2.76 
(m, 1H), 2.84 (d, 1H, J = 16.8), 3.21 (dd, 1H, J = 5.1, 12.0), 7.22-7.36 (m, 5H), 8.88 (s, 1H). 13C-NMR (75 MHz) δ 19.0, 
19.3, 36.8, 41.3, 46.0, 50.9, 118.0, 120.7, 126.7, 128.1, 128.8, 138.7, 174.1. HRMS calcd. for [M]+ (C16H17NO2): 
255.1259 found 255.1259. IR (film): ν = 2910, 2254, 1718, 906, 733, 703 cm-1. 
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(±)-Methyl 2-({[(1R,6S)-1-cyano-3,4-dimethyl-6-phenylcyclohex-3-enyl]carbonyl}amino)acetate (12): the acid 11 
(1.00 g, 3.71 mmol) and a catalytic amount of N-hydroxybenzotriazole were dissolved in anhydrous tetrahydrofuran (5 
mL). While stirring at 0 oC, 1,3-diisopropylcarbodiimide (640 µL, 4.09 mmol) was added. After 15 minutes, 
triethylamine (432 mg, 4.27 mmol) was added to the reaction mixture. Next, glycine methyl ester hydrogenchloride 
(512 mg, 4.09 mmol) was added in small portions to the reaction mixture. After 3 h the reaction was slowly warmed to 
room temperature. After 48 h, the reaction was concentrated in vacuo. The residue was dissolved in dichloromethane 
and the organic layer was washed once with aqueous saturated sodium bicarbonate and once with aqueous 0.5 N 
potassium hydrogensulfate. The aqueous layers were extracted two times with dichloromethane. The combined extracts 
were dried (magnesium sulfate), filtered, and evaporated to dryness. The crude product was purified using column 
chromatography (EtOAc/heptane : 1/4) to obtain the amide 12 (903 mg, 75%). Rf  (EtOAc/heptane : 1/4) = 0.24.  1H-
NMR (300 MHz) δ 1.71 (s, 6H), 2.24 (dd, 1H, J = 5.1, 18.6), 2.38 (d, 1H, J = 17.3), 2.68-2.79 (m, 2H), 3.02 (d, 1H, J = 
17.3), 3.28 (dd, 1H, J = 5.1, 12.3), 3.50 (dd, 1H, J = 4.8, 18.0), 3.63 (s, 3H), 3.86 (dd, 1H, J = 5.4, 18.0), 6.44 (bs, 1H), 
7.18-7.36 (m, 5H). 13C-NMR (75 MHz) δ 18.9, 19.2, 36.3, 40.9, 41.9, 45.8, 51.2, 52.7, 120.2, 121.5, 125.9, 127.9, 128.1, 
128.6, 139.1, 167.0, 168.8. HRMS calcd for M+ (C19H22N2O3): 326.1631 found 326.1630. IR (film): ν = 3382, 1748, 
1679, 1524, 1433, 1368, 1208, 703 cm-1. 
 
(±)-Methyl 2-({[(1R,6S)-1-(aminomethyl)-3,4-dimethyl-6-phenylcyclohex-3-enyl]carbonyl}amino)acetate (13): the 
nitrile 12 (111 mg, 340 µmol) was dissolved in 1 M NH3/MeOH (7 mL). After addition of a catalytic amount of Raney 
nickel the reaction was stirred at room temperature under an atmosphere of hydrogen (1 bar) for 4 h. The reaction was 
filtered over Celite® and the filtrate was evaporated to dryness. The crude product was purified using an isolute® SCX-2 
column after which the desired amine 13 (105 mg, 93%) was obtained as an oil. 1H-NMR (300 MHz) δ 1.55 (s, 2H), 
1.69 (s, 3H), 1.78 (s, 3H), 1.97 (d, 1H, J = 17.7), 2.13 (d, 1H, J = 17.7), 2.35 (d, 1H, J = 12.8), 2.38-2.54 (m, 2H), 2.88 
(d, 1H, J = 12.8), 3.39 (dd, 1H, J = 3.9, 6.9), 3.71 (s, 3H), 3.87 (dd, 1H, J = 4.8, 18.0), 4.10 (dd, 1H, J = 6.0, 18.0), 7.12-
7.28 (m, 5H), 7.61 (bs, 1H). 13C-NMR (75 MHz) δ 19.4, 19.6, 35.3, 36.4, 41.9, 44.1, 47.6, 50.4, 52.6, 123.7, 126.7, 
128.3, 128.9, 142.9, 170.7, 176.8. HRMS calcd for M+ (C19H26N2O3): 330.1944 found 330.1942. IR (film): ν = 707, 728, 
910, 1208, 1364, 1437, 1524, 1645, 1740, 2910 cm-1 
 
(±)-Methyl 2-(benzyl-{[(1R,6S)-1-cyano-3,4-dimethyl-6-phenylcyclohex-3-enyl]carbonyl}amino)acetate (14): the 
acid 11 (457 mg, 1.79 mmol) was dissolved in anhydrous tetrahydrofuran (4 mL). A few drops of dimethylformamide 
were added and the reaction mixture was cooled to 0 oC. Oxalyl chloride (312 µL, 3.58 mmol) in anhydrous 
tetrahydrofuran (1.5 mL) was added dropwise and the reaction mixture was stirred for 1 h. The reaction mixture was 
evaporated to dryness in vacuo and the residue was dissolved in dichloromethane (5 mL). The solution was cooled to 0 
oC and triethylamine (498 µL, 3.58 mmol) in dichloromethane (2 mL) was added dropwise. Next, N-benzylglycine 
methyl ester (337 mg, 1.88 mmol) in dichloromethane (2 mL) was added dropwise. The reaction mixture was allowed 
to reach room temperature. After 3 h the reaction mixture was diluted with dichloromethane and the organic layer was 
washed with aqueous saturated sodium bicarbonate and aqueous 1 M ammonium chloride. The aqueous layers were 
extracted twice more with dichloromethane. The combined extracts were dried (sodium sulfate), filtered, and 
evaporated to dryness. The crude product was purified using column chromatography (EtOAc/Heptane : 1/4) to give the 
Synthesis of spiroheterocycles from (E)-2-cyanocinnamates 
 93
amide 14 (573 mg, 77%) as an oil. The amide is present as a mixture of conformers a/b in a ratio of 1/1 respectively in 
CDCl3. Selected signals41 1H-NMR (300 MHz) δ (a/b) 1.74 (s, 6H, 6H), 2.18-2.39 (m, 1H, 1H), 2.43-2.85 (m, 3H, 3H), 
3.02 (bs, 1H, J = 16.1), 3.18-3.77 (m, 5H, 6H), 3.80-4.03 (m, 1H, 1H), 4.25 (bd, 1H, J = 18.2), 4.62 (bd, 1H, J = 15.5), 
4.85-5.14 (m, 1H, 1H). 6.75-7.56 (m, 10H, 10H). MS (EI): m/z (%) 416 (36) [M]+, 385 (2) [M-OMe]+, 357 (5) [M-
COOMe]+, 325 (21) [M-benzyl]+, 210 (46), 91 (100). HRMS calcd for M+ (C26H28N2O3): 416.2100 found 416.2101. IR 
(film): ν = 2907, 2252, 1754, 1647, 1496, 1433, 1365, 1208, 959, 912, 770, 737, 702, 648 cm-1. 
 
Preparation of compounds 16 and 17: the nitrile 14 (28.9 mg, 69.4 µmol) was dissolved in 1 M 
triethylamine/methanol (1 mL). After 20 h the reaction mixture was concentrated to dryness to obtain the compound 16 
(28.9 mg, 100%) as a white solid. Upon crystallization of compound 16 from dichloromethane/heptane by slow 
evaporation at room temperature, compound 17 (18.1 mg, 63%) was obtained.  
 
(±)-Methyl (5R,10S)-4-amino-2-benzyl-7,8-dimethyl-1-oxo-10-phenyl-2-azaspiro[4.5]deca-3,7-diene-3-carboxylate 
(16): 1H-NMR (300 MHz) δ 1.75 (s, 6H), 2.08 (d, 1H, J = 17.1), 2.38 (dd, 1H, J = 6.3, 18.9), 2.65-2.83 (m, 1H), 2.91 (d, 
1H, J = 17.1), 3.46 (dd, 1H, J = 6.3, 12.0), 3.49 (s, 3H), 4.43 (d, 1H, J = 15.3), 4.85 (d, 1H, J = 15.3), 5.85 (s, 2H), 6.24-
6.33 (m, 2H), 6.93-7.08 (m, 3H), 7.16-7.32 (m, 5H). 13C-NMR (75 MHz) δ 19.1, 19.2, 36.5, 39.8, 45.2, 45.9, 50.6, 53.5, 
103.2, 124.3, 126.0, 126.2, 126.2, 127.3, 127.9, 128.3, 128.6, 137.9, 139.7, 153.1, 162.0, 173.4. HRMS calcd for M+ 
(C26H28N2O3): 416.2100 found 416.2097. IR (film): ν = 2947, 1727, 1612, 1491, 1451, 1273, 1241, 1193, 1149, 910, 
731, 699 cm-1. 
 
(±)-Methyl (3S,5R,10S)-2-benzyl-3-hydroxy-4-imino-7,8-dimethyl-1-oxo-10-phenyl-2-azaspiro[4.5]dec-7-ene-3- 
carboxylate (17): Mp (CH2Cl2/heptane) 185 oC. 1H-NMR (300 MHz) δ 1.70 (s, 3H), 1.78 (s, 3H), 2.13 (d, 1H, J = 16.8), 
2.34-2.50 (m, 1H), 2.67-2.93 (m, 2H), 2.76 (s, 3H), 3.52 (dd, 1H, J = 6.3, 11.7), 3.85 (d, 1H, J = 15.3), 4.91 (d, 1H, J = 
15.3), 6.67-6.78 (m, 2H), 6.97-7.13 (m, 3H), 7.14-7.30 (m, 5H). 13C-NMR (75 MHz) δ 19.1, 19.2, 35.1, 41.5, 42.6, 43.9, 
50.8, 53.1, 86.5, 125.7, 127.0, 127.1, 127.7, 127.9, 128.4, 129.7, 135.1, 139.7, 169.5, 175.3, 175.3. HRMS calcd for M+ 
(C26H28N2O4): 432.2049 found 432.2051. IR (film): ν = 1753, 1714, 1670, 1453, 1436, 1391, 1351, 1263, 1138, 911, 
734, 699 cm-1. Anal. C26H28N2O4 (432.5): calcd C 72.20, H 6.53, N 6.48; found C 71.80, H 6.33, N 6.16. 
 
(±)-(5S,6R)-8-Benzyl-2,3-dimethyl-5-phenyl-8,11-diazaspiro[5.6]dodec-2-ene-7,10-dione (18): the nitrile 14 (120 
mg, 288 umol) was dissolved in methanol (5 mL) in an autoclave. To the solution was added a catalytic amount of 
Raney nickel and the reaction was hydrogenated at 50 bar H2 and 80 0C. After 17 h the reaction was stopped and the 
reaction mixture was filtered over Celite®. The filtrate was evaporated to dryness and the crude product was subjected 
to column chromatography (EtOAc/heptane : 1/1) to obtain the diazepane 18 (80.7 mg, 72%) as a white solid. 1H-NMR 
(300 MHz) δ 1.59 (s, 3H), 1.61 (s, 3H), 1.98-2.17 (m, 2H), 2.25-2.36 (m, 1H), 2.87 (d, 1H, J = 17.7), 3.02 (dd, 1H, J = 
1.5, 13.2), 3.21 (dd, 1H, J = 6.9, 15.0), 3.53-3.64 (m, 2H), 3.76 (dd, 1H, J = 5.1, 14.7), 4.00 (d, 1H, J = 14.9), 4.98 (d, 
1H, J = 14.9), 6.46 (bs, 1H), 6.54-6.71 (m, 2H), 7.00-7.26 (m, 8H). 13C-NMR (75 MHz) δ 19.1, 19.3, 34.3, 40.1, 40.4, 
46.5, 50.8, 52.5, 53.9, 123.0, 124.2, 127.0, 127.2, 127.6, 128.38, 128.39, 129.5, 136.1, 140.3, 171.6, 174.0. HRMS calcd 
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for M+ (C25H28N2O2): 338.2151 found 388.2150. IR (film): ν = 2912, 1691, 1624, 1494, 1472, 1454, 1403, 1359, 1224, 
911, 733, 703 cm-1.  
 
Methyl (2S)-2-(benzyl-{[(1RS,6SR)-1-cyano-3,4-dimethyl-6-phenylcyclohex-3-enyl]carbonyl}amino)propanoate  
(20): the acid 11 (1.15 g, 4.51 mmol) was dissolved in anhydrous tetrahydrofuran (5 mL). A few drops of 
dimethylformamide were added and the reaction mixture was cooled to 0 oC. Oxalyl chloride (745 µL, 1.9 eq.) in 
anhydrous tetrahydrofuran (2 mL) was added dropwise to the reaction mixture. After 2 h the reaction mixture was 
evaporated to dryness in vacuo. The crude acid chloride was dissolved in dichloromethane (6 mL) and the solution was 
cooled to 0 oC. Triethylamine (1.19 mL, 1.9 eq.) in dichloromethane was added dropwise to the reaction mixture. Next, 
N-benzylalanine methyl ester (867 mg, 1.0 eq.) in dichloromethane (3 mL) was added dropwise to the reaction mixture. 
The reaction mixture was stirred at 0 oC for 1 h and then 20 h at room temperature. The reaction mixture was diluted 
with dichloromethane and washed with aqueous saturated sodium bicarbonate and aqueous 1 M ammonium chloride. 
The aqueous layers were extracted twice with dichloromethane. The combined organic layers were dried (sodium 
sulfate), filtered and evaporated to dryness. The crude product was purified using column chromatography 
(EtOAc/heptane : 1/4) to yield the amide 20 (1.63 g, 84%) as a white solid. The amide is formed as a mixture of two 
diastereoisomers which are both present in solution as a mixture of conformers. Selected signals41 1H-NMR (300 MHz) 
δ 1.02-1.34 (m, CH3-Ala), 1.71 (s, CH3-ring), 2.20-2.36 (m, CH-ring), 2.42-2.56 (m, CH-ring), 2.58-2.86 (m, CH-ring), 
2.88-3.14 (m, CH-ring), 3.39 (s, OCH3), 3.44-3.57 (m, CH-Ala), 3.67 (s, OCH3), 4.25-4.73 (m, CH2-benzyl), 7.00-7.54 
(m, aromats). MS (EI): m/z (%) 430 (50) [M]+, 371 (11) [M-COOMe]+, 339 (27) [M-benzyl]+, 210 (65), 91 (100). 
HRMS calcd for M+ (C27H30N2O3): 430.2257 found 430.2255. IR (film): ν = 2902, 1744, 1648, 1496, 1454, 1432, 1330, 
1219, 1115, 770, 737, 701 cm-1. 
 
(5SR,6RS,9S)-8-Benzyl-2,3,9-trimethyl-5-phenyl-8,11-diazaspiro[5.6]dodec-2-ene-7,10-dione (21): the amide 20 
(511 mg, 1.19 mmol) was dissolved in 1 M NH3/MeOH (5 mL) in an autoclave. A catalytic amount of Raney nickel 
was added and the reaction mixture was hydrogenated under 20 bar of hydrogen at room temperature. After 22 h the 
reaction mixture was filtered over Celite® and the filtrate was evaporated to dryness. To remove minor impurities, the 
crude product was purified over a small silica column (EtOAc/heptane : 1/1) to obtain the desired diazepane 21 (467 mg, 
98%) as a white foam. According to NMR analysis the diazepane was present as a mixture of diastereoisomers in a ratio 
of 3/2. Unfortunately, all attempts to separate the two diastereoisomers using either column chromatography or selective 
crystallization failed. 1H-NMR (300 MHz) δ (major/minor) 0.77 (d, 3H, J = 7.5), 0.96 (d, 3H, J = 6.6), 1.65 (bs, 3H, 
3H), 1.69 (s, 3H, 3H), 2.04-2.18 (m, 2H, 1H), 2.26 (d, 1H, J = 17.4), 2.33-2.53 (m, 1H, 1H), 2.85 (bd, 1H, J = 16.8), 
3.07 (d, 1H, J = 17.5), 3.13 (dd, 1H, J = 7.2, 15.0), 3.26 (dd, 1H, J = 6.6, 15.0), 3.56 (dd, 1H, J = 5.4, 12.9), 3.67-3.83 
(m, 3H), 3.84-3.94 (m, 2H), 4.30 (d, 1H, J = 15.0), 4.41 (d, 1H, J = 15.9), 4.62 (d, 1H, J = 15.9), 4.78 (d, 1H, J = 15.0), 
6.74 (bs, 1H, 1H), 6.85-7.46 (m, 10H, 10H). 13C-NMR (75 MHz) δ 13.6, 17.5, 19.0, 19.08, 19.18, 19.24, 33.7, 33.8, 
37.6, 39.7, 40.5, 42.1, 46.0, 46.3, 47.7, 49.7, 53.4, 52.7, 53.1, 60.7, 122.9, 123.3, 123.6, 124.0, 126.4, 126.5, 126.9, 
127.1, 127.2, 127.6, 128.0, 128.1, 128.3, 128.4, 129.3, 129.4, 136.7, 138.7, 140.1, 140,2, 173.2, 173.7, 175.0, 175.3. 
HRMS calcd for M+ (C26H30N2O2): 402.2307 found 402.2307. IR (film): ν = 1687, 1616, 1494, 1450, 1388, 1358, 1273, 
766, 734, 702 cm-1. 
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Preparation of compounds 22a and 22b: the acid 11 (2.00 g, 7.83 mmol) was dissolved in anhydrous tetrahydrofuran 
(10 mL). A few drops of dimethylformamide were added and the reaction mixture was cooled to 0 oC. Oxalyl chloride 
(1.30 mL, 1.9 eq.) in anhydrous tetrahydrofuran (2 mL) was added dropwise to the reaction mixture. After 2 h the 
reaction mixture was evaporated to dryness in vacuo. The crude acid chloride was dissolved in dichloromethane (10 mL) 
and the solution was cooled to 0 oC. Triethylamine (3.0 mL, 2.8 eq.) in dichloromethane (3 mL) was added dropwise to 
the reaction mixture. Next, H-Pro-Ot-Bu (1.34 g, 1.0 eq.) in dichloromethane (4 mL) was added dropwise to the 
reaction mixture. The reaction mixture was allowed to reach room temperature. After 17 h, the reaction mixture was 
diluted with dichloromethane and washed with aqueous saturated sodium bicarbonate and aqueous 1 M ammonium 
chloride. The aqueous layers were extracted twice with dichloromethane. The combined extracts were dried (sodium 
sulfate), filtered and evaporated to dryness. The crude product was purified using column chromatography 
(EtOAc/heptane : 1/7) to yield the amides 22a (1.51 g, 47%) and 22b (1.47 g, 46%) as a white solids. 
 
(-)-tert-butyl (2S)-1-{[(1S, 6R)-1-cyano-3,4-dimethyl-6-phenylcyclohex-3-enyl]carbonyl}tetrahydro-1H-pyrrole-2-
carboxylate (22a): [α]D20 = - 113 o (c = 1.03, CH2Cl2).  Rf (EtOAc/heptane : 1/4) = 0.27. The amide is present as a 
mixture of conformers a/b in CDCl3 in a ratio of 3/2. Selected signals41 1H-NMR (300 MHz) δ (a/b) 1.28 (s, CH3), 1.43 
(s, CH3), 1.70 (s, t-Bu), 2.14-2.33 (m, 1H, 1H), 2.35-2.47 (m, 1H, 1H), 2.59-2.94 (m, 1H, 2H), 3.17-3.22 (m, 1H), 3.26-
3.40 (m, 2H), 3.42-3.58 (m, 1H, 2H), 3.77 (ddd, 1H, J = 6.6, 6.6, 10.2), 4.20 (dd, 1H, J = 5.1, 8.4), 4.31 (dd, 1H, J = 1.8, 
8.1), 7.15-7.47 (m, 5H, 5H). The ratio of conformers a/b in DMSO-d6 is 2/1. Selected signals 1H-NMR (300 MHz, 
DMSO-d6) δ (a/b) 1.23 (s, CH3), 1.41 (s, CH3), 1.72 (s, t-Bu), 3.03-3.15 (m, 1H), 3.51 (dd, 1H, J = 5.7, 11.1), 3.65 (ddd, 
1H, J = 7.2, 7.2, 9.9), 3.85-3.96 (m, 1H), 4.06-4.18 (m, 1H, 1H). MS (EI): m/z (%) 408 (34) [M]+, 352 (89) [M-t-Bu]+, 
335 (14) [M-Ot-Bu]+, 307 (88) [M-COOt-Bu]+, 210 (74) [M-Boc-Pro]+, 91 (93), 70 (100). HRMS calcd for M+ 
(C25H32N2O3): 408.2413 found 408.2414. IR (film): ν = 2976, 2911, 1735, 1632, 1398, 1364, 1152, 910, 698 cm-1. 
 
(+)-tert-Butyl (2S)-1-{[(1R, 6S)-1-cyano-3,4-dimethyl-6-phenylcyclohex-3-enyl]carbonyl}tetrahydro-1H-pyrrole-
2-carboxylate (22b): [α]D20 = + 14.7 o (c = 0.99, CH2Cl2).  Rf (EtOAc/heptane : 1/4) = 0.34. 1H-NMR (300 MHz) δ 
1.20-1.30 (m, 1H), 1.43 (s, 9H), 1.60-1.87 (m, 3H), 1.71 (s, 3H), 1.73 (s, 3H), 2.21 (dd, 1H, J = 4.8, 17.7), 2.44 (d, 1H, 
J = 17.4), 2.74-2.90 (m, 1H), 3.09-3.23 (m, 2H), 3.35 (dd, 1H, J = 5.1, 12.3), 3.62 (ddd, 1H, J = 6.9, 6.9, 10.2), 4.09 (dd, 
1H, J = 5.7, 7.8), 7.17-7.32 (m, 3H), 7.35-7.44 (m, 2H). 13C-NMR (75 MHz) δ 18.8, 19.0, 25.6, 28.17, 28.23, 35.4, 42.1, 
46.1, 48.5, 48.6, 62.0, 81.2, 119.8, 121.2, 125.2, 127.6, 128.2, 128.3, 139.5, 165.1, 170.4. MS (EI): m/z (%) 408 (4) 
[M]+, 352 (79) [M-t-Bu]+, 335 (14) [M-Ot-Bu]+, 307 (38) [M-COOt-Bu]+, 210 (40) [M-Boc-Pro]+, 91 (79), 70 (100). 
HRMS calcd for M+ (C25H32N2O3): 408.2413 found 408.2401. IR (film): ν = 2976, 2911, 1735, 1636, 1398, 1368, 1148, 
910, 728, 698 cm-1. 
 
(-)-tert-Butyl (2S)-1-{[(1R,6S)-1-(aminomethyl)-3,4-dimethyl-6-phenylcyclohex-3-enyl]carbonyl}pyrrolidine-2-
carboxylate (24): compound 22b (530 mg, 1.30 mmol) was dissolved in 1 M ammonia/methanol (7 mL) in an 
autoclave. A catalytic amount of Raney nickel was added and the reaction was stirred under an atmosphere of 40 bar H2. 
After 17 h the reaction was filtered over Celite® and the filtrate was concentrated to dryness in vacuo. The crude 
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product was purified using column chromatography (CH2Cl2/MeOH : 24/1) to yield the amine 24 (444 mg, 83%). [α]D20 
= - 43.9 o (c = 1.08, CH2Cl2). 1H-NMR (300 MHz) δ 1.43 (s, 9H), 1.52 (s, 2H), 1.66 (s, 3H), 1.74 (s, 3H), 1.70-2.07 (m, 
5H), 2.15 (d, 1H, J = 17.6), 2.28 (d, 1H, J = 13.8), 2.33-2.46 (m, 1H), 2.79 (d, 1H, J = 17.6), 3.12 (d, 1H, J = 13.8), 
3.37-3.49 (m, 1H), 3.52 (dd, 1H, J = 4.5, 5.1), 3.77-3.88 (m, 1H), 4.40-4.53 (m, 1H), 7.12-7.27 (m, 5H). 13C-NMR (75 
MHz) δ 19.1, 19.4, 26.3, 27.8, 28.3, 36.0, 36.2, 43.0, 46.8, 48.1, 53.1, 62.5, 81.1, 123.6, 125.5, 126.7, 128.1, 128.8, 
142.5, 171.9, 173.3. HRMS calcd for M+ (C25H36N2O3): 412.2726 found 412.2725. IR (film): ν = 2976, 1733, 1612, 
1451, 1390, 1366, 1222, 1153, 767, 737, 704 cm-1. 
 
(-)-3,4-Dimethyl-6-phenyl-2’,3’,7’,8’,9’,9a’-hexahydro-1’H,5’H-spiro[cyclohex-3-ene-1,4’-pyrrolo[1,2-
a][1,4]diazepine[1,5]dione] (23a): compound 22a (168 mg, 411 µmol) was dissolved in 1 M ammonia/methanol (5 mL) 
in an autoclave. A catalytic amount of Raney nickel was added and the reaction was stirred under an atmosphere of 40 
bar H2. After 17 h the reaction was filtered over Celite® and the filtrate was concentrated to dryness in vacuo. The crude 
product was purified using column chromatography (CH2Cl2/MeOH : 20/1) to give the diazepane 23a (118 mg, 85%). 
An analytical sample was obtained by crystallization of the product from CH2Cl2/heptane. [α]D20 = - 66.7 o (c = 1.23, 
CH2Cl2). Mp (CH2Cl2/heptane) 229 oC. 1H-NMR (300 MHz) δ 1.23-1.41 (m, 1H), 1.46-1.60 (m, 1H), 1.61-1.73 (m, 1H), 
1.66 (s, 3H), 1.69 (s, 3H), 2.01-2.16 (m, 2H), 2.19-2.32 (m, 1H), 2.36-2.53 (m, 1H), 3.00 (d, 1H, J = 17.4), 3.13-3.28 (m, 
2H), 3.40-3.62 (m, 3H), 3.71-3.83 (m, 1H), 6.73 (dd, 1H, J = 6.0, 6.0), 7.16-7.34 (m, 5H). 13C-NMR (75 MHz) δ 19.1, 
19.2, 22.3, 27.6, 32.9, 39.35, 39.37, 46.1, 48.6, 51.5, 55.2, 123.2, 123.7, 126.7, 127.0, 127.9, 128.8, 139.9, 172.3, 172.5. 
HRMS calcd for M+ (C21H26N2O2): 338.1994 found 388.1996. IR (film): ν = 2915, 1689, 1616, 1410, 1268, 768, 740, 
703 cm-1. 
 
(+)-3,4-Dimethyl-6-phenyl-2’,3’,7’,8’,9’,9a’-hexahydro-1’H,5’H-spiro[cyclohex-3-ene-1,4’-pyrrolo[1,2-
a][1,4]diazepine[1,5]dione] (23b): the amine 24 (104 mg, 252 µmol) was dissolved in toluene (3 mL) and heated at 
reflux. The progress of the reaction was monitored using TLC and NMR. After 5 days the reaction was finished and the 
reaction mixture was evaporated to dryness. The crude product was purified using column chromatography 
(CH2Cl2/MeOH : 20/1) to obtain the desired diazepane 23b (75.1 mg, 88%) as a light yellow oil. An analytical sample 
was obtained by crystallization from EtOAc/heptane to give small sugar-like crystals. [α]D20 = + 52 o (c = 0.08, CH2Cl2). 
Mp (EtOAc/heptane) 195 oC. 1H-NMR (300 MHz) δ 1.65 (s, 3H), 1.71 (s, 3H), 1.64-1.96 (m, 4H), 2.24-2.38 (m, 2H), 
2.52-2.67 (m, 1H), 2.95-3.07 (m, 1H), 3.43-3.74 (m, 5H), 4.33 (dd, 1H, J = 6.9, 6.9), 5.36 (dd, 1H, J = 6.9, 6.9), 7.10-
7.33 (m, 5H). 13C-NMR (75 MHz) δ 19.05, 19.07, 22.2, 28.4, 33.5, 42.8, 43.0, 44.2, 49.4, 51.6, 56.3, 122.9, 123.9, 
126.6, 128.0, 128.2, 141.2, 170.4, 173.2. HRMS calcd for M+ (C21H26N2O2): 338.1994 found 388.1995. IR (film): ν = 
2911, 1687, 1599, 1402, 1153, 911, 733, 702, 647 cm-1. Anal. C21H26N2O2 (338.5): calcd C 74.53, H 7.74, N 8.28; 
found C 74.35, H 7.54, N 8.11. 
 
(±)-Methyl (1R,6S)-1-[[2-(acetylamino)acetyl](benzyl)amino]methyl-3,4-dimethyl-6-phenyl-3-cyclohexene-1- 
carboxylate (26): the amine 10 (408 mg, 970 µmol) was dissolved in acetic acid/toluene : 1/20 (5 mL) and the reaction 
mixture was heated at reflux for 17 h. The reaction mixture was diluted with dichloromethane and the organic layer was 
washed with aqueous saturated sodium bicarbonate. The aqueous layer was extracted two more times with 
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dichloromethane and the combined extracts were dried (magnesium sulfate), filtered, and evaporated to dryness. The 
crude product was subjected to column chromatography (EtOAc/heptane : 4/1) to obtain the amide 26 (423 mg, 94%). 
The amide is present as a mixture of conformers a/b in a ratio of 5/1 respectively in CDCl3. Rf (CH2Cl2/methanol : 7/1) 
= 0.56. Selected signals41 1H-NMR (300 MHz) δ (a/b) 1.64 (s, 3H), 1.67 (s, 3H), 1.74 (s, 3H), 1.77 (s, 3H), 2.33-2.69 (m, 
2H, 2H), 3.17 (d, 1H, J = 15.3), 3.97 (dd, 1H, J = 3.9, 17.6), 4.01 (d, 1H, J = 4.0, 17.6), 4.30 (s, 2H), 6.45 (s, 1H, 1H), 
6.85-7.30 (m, 10H, 10H). 13C-NMR (75 MHz) δ 19.3, 19.9, 23.5, 33.9, 36.8, 42.1, 44.4, 50.9, 51.7, 52.7, 53.2, 124.4, 
125.3, 126.1, 127.1, 127.9, 128.5, 128.8, 129.1, 129.2, 135.5, 142.3, 169.6, 169.8, 175.8. IR (film): ν = 2902, 1722, 
1645, 1455, 1433, 1221, 733, 698 cm-1. MS (EI): m/z (%) 462 (9) [M]+, 390 (91) [M-AcNH2CH2]+, 362 (16) [M-Ac-
Gly]+, 120 (96), 91 (100). HRMS calcd for M+ (C28H34N2O4): 462.2519 found 462.2521.  
 
Formation of the tautomers 27a and 27b: to a solution of the amide 26 (203 mg, 440 µmol) in anhydrous 
tetrahydrofuran (1.5 mL) at – 10 oC was added potassium tert-butoxide (49.0 mg, 440 µmol). The reaction was slowly 
warmed to room temperature and the reaction was stirred for 18 h. The reaction was quenched with an excess of 
aqueous 4 M ammonium acetate and the aqueous layer was extracted with three times with dichloromethane. The 
combined extracts were dried (magnesium sulfate), filtered and concentrated to dryness. 1H-NMR analysis of the crude 
reaction product indicated 58% conversion of the starting material. The crude product was purified by column 
chromatography (EtOAc/heptane : 2/3) to obtain the ring closed product (93.0 mg, 49%) as a mixture of tautomers 27a 
and 27b in a ratio of 2/1 respectively. Rf (EtOAc/heptane : 5/2) = 0.67. 1H-NMR (300 MHz) δ (27a/27b) 1.20 (s, 3H), 
1.41 (s, 3H), 1.33-1.43 (m, 1H), 1.58 (s, 3H), 1.62 (s, 3H), 1.83 (bd, 1H, J = 17.4), 2.02 (s, 3H), 2.08 (s, 3H), 1.98-2.17 
(m, 1H, 1H), 2.27-2.44 (m, 2H, 1H), 2.49 (bd, 1H, J = 17.4), 3.09 (d, 1H, J = 11.7), 3.28 (d, 1H, J = 13.8), 3.30 (dd, 1H, 
J = 5.4, 12.6), 3.46 (d, 1H, J = 11.7), 3.50 (dd, 1H, J = 5.7, 12.0), 3.92 (d, 1H, J = 13.8), 3.95 (d, 1H, J = 14.6), 4.12 (d, 
1H, J = 14.3), 4.38 (d, 1H, J = 7.1), 4.84 (d, 1H, J = 14.3), 4.96 (d, 1H, J = 14.6), 6.25 (d, 1H, J = 7.1), 7.00-7.36 (m, 
10H, 10H), 8.24 (s, 1H), 12.21 (s, 1H). Upon addition of D2O to the NMR-sample, the following signals disappeared 
from the spectrum: 4.38 (d, 1H, J = 7.1), 6.25 (d, 1H, J = 7.1), 8.24 (s, 1H), 12.21 (s, 1H). 13C-NMR (75 MHz) δ 
(27a/27b, for signals in italic it is not clear from which tautomer these are from) 18.5, 18.7, 18.8, 18.9, 23.1, 23.5, 33.1, 
34.5, 38.6, 39.0, 42.2, 43.1, 44.3, 45.5, 47.2, 50.6, 51.1, 51.6, 63.7, 105.8, 122.5, 122.7, 124.0, 124.2, 126.6, 127.4, 
127.6, 127.7, 128.0, 128.1, 128.4, 128.66, 128.67, 128.7, 128.8, 129.4, 135.9, 136.6, 137.8, 140.6, 157.6, 162.8, 163.8, 
169.4, 169.4, 204.5. IR (film): ν = 3283, 2915, 2850, 1731 (w), 1640 (s), 1597, 1524, 1485, 1433, 1338, 914, 733, 698 
cm-1. HRMS calcd for M+ (C27H30N2O3): 430.2257 found 430.2256. 
 
N1-Benzyl-(2S)-2-(acetylamino)propanamide (31): to a solution of Ac-Ala-OH (262 mg, 2.00 mmol) and N-
hydroxysuccinimide (236 mg, 2.05 mmol) in anhydrous tetrahydrofuran (3 mL) at 0 oC was added 1,3-
diisopropylcarbodiimide (258 mg, 2.05 mmol). After 5 h, benzylamine (218 µL, 2.00 mmol) was added to the reaction 
mixture and the reaction was stirred for 14 h at room temperature. The reaction was diluted with dichloromethane and 
the organic layer was washed twice with aqueous 0.5 N potassium hydrogensulfate and once with aqueous saturated 
sodium bicarbonate. The aqueous layers were extracted once more with dichloromethane and the combined extracts 
were dried (magnesium sulfate), filtered, and evaporated to dryness. The crude product was purified using column 
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chromatography (EtOAc) to obtain the amide 31 (181 mg, 44%). 1H-NMR (200 MHz) δ 1.37 (d, 3H, J = 7.1), 1.84 (s, 
3H), 4.20-4.44 (m, 2H), 4.64 (dq, 1H, J = 7.1, 7.1), 7.06-7.34 (m, 6H), 7.60-7.75 (m, 1H).  
 
General procedure A, preparation of compounds 32 and 33: to a solution of Fmoc-AA-OH (1.05 eq.) in anhydrous 
tetrahydrofuran (0.5 M) was added N-hydroxybenzotriazole (catalytic) and the solution was cooled to 0 oC. To this 
solution was added 1,3-diisopropylcarbodiimide (1.05 eq.) and the reaction was stirred for 0.5 h. Next, a solution of the 
amine 8 (1.0 eq.) in anhydrous tetrahydrofuran (0.75 M) was added dropwise to the reaction mixture. The reaction was 
slowly warmed to room temperature and stirred for 21 h. The reaction mixture was diluted with dichloromethane and 
washed once with aqueous 0.5 N potassium hydrogensulfate and once with aqueous saturated sodium bicarbonate. The 
aqueous layers were extracted once more with dichloromethane. The combined extracts were dried (sodium sulfate), 
filtered and evaporated to dryness. The crude products were purified by column chromatography (EtOAc/heptane : 1/4) 
to obtain a mixture of diastereomeric amides. 
 
Methyl 1-[benzyl(2-[(9H-9-fluorenylmethoxy)carbonyl]aminopropanoyl)amino]methyl-3,4-dimethyl-6-phenyl-3-
cyclohexene-1-carboxylate (32): according to general procedure A, reaction of Fmoc-Ala-OH (318 mg, 1.02 mmol) 
with amine 8 (338 mg, 972 µmol) yielded compound 32 (487 mg, 77%) as a white solid. Rf (EtOAc/heptane : 1/2) = 
0.38. MS (EI): m/z (%) 656 (7) [M]+, 460 (2), 434 (6) [M-Fmoc]+, 390 (35), 362 (16) [M-Fmoc-Gly]+, 178 (75), 91 (80), 
44 (100). HRMS calcd for M+ (C42H44N2O5): 656.3250 found 656.3255. IR (film): ν = 2362, 1722, 1645, 1498, 1450, 
1221, 1087, 759, 737, 703 cm-1. 
 
Methyl 1-[benzyl(2-[(9H-9-fluorenylmethoxy)carbonyl]amino-2-phenylacetyl)amino]methyl-3,4-dimethyl-6- 
phenyl-3-cyclohexene-1-carboxylate (33): according to general procedure A, reaction of Fmoc-Phg-OH (1.16 g, 3.10 
mmol) with amine 8 (1.07 g, 2.95 mmol) yielded compound 32 (1.46 g, 69%) as a white solid. MS (CI): m/z (%) 719 (2) 
[M+H]+, 687 (1) [M-MeO]+, 523 (22), 497 (35) [M-Fmoc]+, 390 (37) [M-FmocNHCHPh]+, 178 (93), 106 (100). HRMS 
calcd for M+H+ (C47H47N2O5): 719.3485 found 719.3488. 
 
General procedure B, preparation of compounds 34 and 35: a 0.05 M solution of Fmoc protected amine in 
tetrahydrofuran/methanol/aqueous 1 M NaOH : 6/1/1 was stirred at room temperature for 4 h and then the reaction was 
neutralized by addition of acetic acid. The reaction was concentrated to dryness in vacuo and the residue was dissolved 
in dichloromethane. The organic layer was washed with aqueous saturated sodium bicarbonate and then the aqueous 
layer was extracted twice with dichloromethane. The combined extracts were dried (sodium sulfate), filtered and 
evaporated in vacuo. The crude product was purified using column chromatography. 
 
Methyl 1-[(2-aminopropanoyl)(benzyl)amino]methyl-3,4-dimethyl-6-phenyl-3-cyclohexene-1-carboxylate (34): 
according to general procedure B, Fmoc protected amine 32 (314 mg, 478 µmol) yielded after column chromatography 
(CH2Cl2/methanol : 15/1) the amine 34 (189 mg, 91%). Rf (CH2Cl2/methanol : 7/1) = 0.41. Number of typical signals 
1H-NMR (300 MHz) δ 0.87 (d, J = 6.6, CH3-Ala), 1.10 (d, J = 6.6, CH3-Ala), 1.17 (d, J = 6.6, CH3-Ala), 1.18 (d, J = 
6.6, CH3-Ala), 1.64 (bs, CH3-ring), 1.72 (s, CH3-ring), 1.75 (s, CH3-ring), 3.64 (s, OCH3), 3.67 (OCH3), 3.68 (OCH3), 
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3.70 (OCH3). 1H-NMR (300 MHz, CDCl3, 337 K) δ 1.15 (d, 3H, J = 6.0, CH3-Ala), 1.48 (s, 2H, NH2), 1.64 (s, 3H, 
CH3-ring), 1.73 (s, 3H, CH3-ring), 1.88-2.18 (m, 2H), 2.36-2.64 (m, 2H). MS (EI): m/z (%) 434 (13) [M]+, 391 (44) [M-
NH2CHCH3]+, 362 (18) [M-Ala]+, 120 (52), 91 (78), 44 (100). HRMS calcd for M+ (C27H34N2O3): 434.2570 found 
434.2574. IR (film): ν = 2928, 1727, 1649, 1455, 1433, 1200, 1091, 728, 703 cm-1. 
 
Methyl 1-[(2-amino-2-phenylacetyl)(benzyl)amino]methyl-3,4-dimethyl-6-phenyl-3-cyclohexene-1-carboxylate  
(35): according to general procedure B, Fmoc protected amine 33 (1.02 g, 1.41 mmol) yielded after column 
chromatography (CH2Cl2/methanol : 24/1) the amine 35 (630 mg, 95%). Rf (CH2Cl2/methanol : 24/1) = 0.13. MS (EI): 
m/z (%) 496 (6) [M]+, 465 (1) [M-CH3O]+, 391 (30) [M-NH2CHPh]+, 362 (6) [M- NH2CHPhCO]+, 120 (22), 106 (100), 
91 (70). HRMS calcd for M+ (C32H36N2O3): 496.2726 found 496.2727. IR (film): ν = 2907, 1729, 1655, 1494, 1452, 
1265, 1206, 1120, 1085, 1029, 736, 703 cm-1. 
 
General procedure C, preparation of compounds 28 and 29: a 0.1 M solution of the amine 34 or 35 in acetic 
acid/toluene : 1/20 was heated at reflux for 22 h. The reaction mixture was diluted with dichloromethane and the 
organic layer was washed with aqueous saturated sodium bicarbonate. The aqueous was extracted two more times with 
dichloromethane and the combined extracts were dried (sodium sulfate), filtered, and evaporated to dryness. The crude 
product was purified by column chromatography. 
 
Methyl 1-[[2-(acetylamino)propanoyl](benzyl)amino]methyl-3,4-dimethyl-6-phenyl-3-cyclohexene-1-carboxylate 
(28): according to general procedure C, amine 34 (182 mg, 419 µmol) yielded after column chromatography 
(EtOAc/heptane : 3/1) the amide 28a (76.0 mg, 38%) and the amide 28b (98 mg, 49%). 
 
28a: Rf (EtOAc/heptane : 3/1) = 0.28. Mixture of conformers a/b in a ratio of 3/1 in CDCl3. Typical signals 1H-NMR 
(300 MHz) δ (a/b) 0.99 (d, 3H, J = 6.9), 1.29 (d, 3H, J = 6.9), 1.59-1.75 (m, 6H, 6H), 1.89 (s, 3H, acetyl), 1.92 (s, 3H, 
acetyl), 3.64 (s, 3H, OCH3), 3.70 (s, 3H, OCH3), 4.25 (d, 1H, J = 17.0), 4.33 (dq, 1H, J = 6.9), 4.50 (d, 1H, J = 17.0), 
4.80 (dq, 1H, J = 6.9, 6.9), 5.14 (d, 1H, J = 15.0). 13C-NMR (75 MHz) δ (a/b) 135.79, 136.62, 141.20, 141.98, 168.32, 
168.78, 173.65, 174.01, 175.80, 176.11. IR (film): ν = 1731, 1640, 1541, 1493, 1455, 1433, 1217, 1195, 1083, 733, 698 
cm-1. MS (EI): m/z (%) 476 (11) [M]+, 445 (2) [M-CH3O]+, 390 (20) [M-AcNHCHCH3]+, 362 (15) [M-Ac-Ala]+, 120 
(87), 91 (98), 44(100). HRMS calcd for M+ (C29H36N2O4): 476.2675 found 467.2675.  
 
28b: Rf (EtOAc/heptane : 3/1) = 0.17. Conformers a/b in a ratio of 5/1 in CDCl3. 1H-NMR (300 MHz) δ (a) 1.26 (d,1H, 
J = 7.2), 1.64 (s, 3H), 1.74 (s, 3H), 1.93 (s, 3H), 1.88-2.09 (m, 2H), 2.36-2.56 (m, 2H), 2.83 (d, 1H, J = 14.0), 3.44 (pd, 
1H, J = 6.9), 3.65 (s, 3H), 3.83 (d, 1H, J = 14.0), 4.22 (d, 1H, J = 16.5), 4.54 (d, 1H, J = 16.5), 4.85 (dq, 1H, J = 7.2, 
7.2), 6.49 (d, 1H, J = 7.2), 6.80-6.88 (m, 2H), 7.04-7.26 (m, 8H). 13C-NMR (75 MHz) δ 19.04, 19.55, 19.78, 23.47, 
33.73, 36.51, 43.91, 45.79, 50.36, 52.09, 52.51, 52.75, 124.53, 124.81, 126.55, 126.77, 127.59, 128.23, 128.70, 128.84, 
135.66, 142.26, 168.76, 173.65, 175.14. MS (EI): m/z (%) 476 (8) [M]+, 445 (2) [M-CH3O]+, 390 (31) [M-
AcNHCHCH3]+, 362 (14) [M-Ac-Ala]+, 120 (89), 91 (100). HRMS calcd for M+ (C29H36N2O4): 476.2675 found 
467.2672. IR (film): ν = 3300, 1727, 1632, 1450, 1221, 1200, 1083, 910, 729, 698 cm-1. 
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Methyl 1-[(2-amino-2-phenylacetyl)(benzyl)amino]methyl-3,4-dimethyl-6-phenyl-3-cyclohexene-1-carboxylate  
(29): according to general procedure C, amine 35 (469 mg, 944 µmol) yielded after column chromatography 
(EtOAc/heptane : 1/1) the amide 29a (175 mg, 34%) and the amide 29b (165 mg, 31%). 
 
29a: Rf (EtOAc/heptane : 1/1) = 0.31. Conformers a/b in a ratio of 3/2 in CDCl3. 1H-NMR (300 MHz) δ (a/b) 1.61 (s, 
3H), 1.71 (s, 3H, 3H), 1.78 (s, 3H), 1.87 (s, 3H), 1.90 (s, 3H), 1.99 (d, 1H, J = 18.9), 2.05-2.20 (m, 1H, 1H), 2.26-2.47 
(m, 2H, 1H), 2.62 (d, 1H, J = 16.5), 3.09 (d, 1H, J = 13.8), 3.16-3.38 (m, 1H, 3H), 3.44 (s, 3H), 3.55 (d, 1H, J = 15.1), 
3.59 (s, 3H), 3.65 (d, 1H, J = 13.8), 3.94 (d, 1H, J = 17.1), 4.48 (d, 1H, J = 17.1), 5.21 (d, 1H, J = 15.1), 5.49 (d, 1H, J = 
7.5), 5.67 (d, 1H, J = 7.2), 6.62 (d, 1H, J = 7.2), 6.30-7.43 (m, 15H, 16H). IR (film): ν = 3028, 2902, 1726, 1675, 1639, 
1495, 1435, 1268, 1207, 1181, 1087, 736, 702 cm-1. MS (EI): m/z (%) 538 (8) [M]+, 507 (2) [M-CH3O]+, 390 (14) [M-
AcNHCHPh]+, 223 (13), 149 (100). HRMS calcd for M+ (C34H38N2O4): 538.2832 found 538.2834. 
 
29b: Rf (EtOAc/heptane : 1/1) = 0.19. Conformers a/b in a ratio of 5/1 in CDCl3. Selected signals 1H-NMR (300 MHz) 
δ (a/b)  1.62 (bs, 6H, 6H), 1.78 (bd, 1H, 1H), 1.92 (s, 3H), 2.26 (d, 1H, J = 16.5), 2.41 (bd, 1H, 1H, J = 15.6), 2.66 (d, 
1H, J = 15.3), 2.75 (d, 1H, J = 13.8), 3.71 (s, 3H, 3H), 3.92 (d, 1H, J = 14.3), 4.45 (d, 1H, J = 16.5), 4.89 (d, 1H, J = 
15.3). 1H-NMR (300 MHz, DMSO-d6, 350 K) δ 1.60 (s, 6H), 1.86 (s, 3H), 1.76-2.04 (m, 2H), 2.26-2.43 (m, 2H), 2.91-
3.07 (m, 2H), 3.27-3.36 (m, 1H), 3.32 (s, 3H), 3.68 (d, 1H, J = 14.3), 4.12 (d, 1H, J = 16.4), 4.47 (d, 1H, J = 16.4), 5.80 
(d, 1H, J = 7.2), 6.83-6.92 (m, 2H), 7.01-7.09 (m, 2H), 7.13-7.34 (m, 11H). IR (film): ν = 3027, 2907, 1730, 1643, 1494, 
1445, 1425, 1267, 1206, 1180, 1087, 735, 698 cm-1. MS (EI): m/z (%) 538 (16) [M]+, 507 (4) [M-CH3O]+, 390 (59) [M-
AcNHCHPh]+, 364 (38), 120 (79), 106 (98), 91 (100). HRMS calcd for M+ (C34H38N2O4): 538.2832 found 538.2832. 
 
Preparation of compounds 36 and 37: to a solution of the amine 3 (252 mg, 922 µmol) in dichloromethane (2 mL) 
was added phenyl isocyanate (106 µL, 970 µmol) and the reaction was stirred at room temperature for 20 minutes. The 
reaction mixture was evaporated to obtain the urea 36 in quantitative yield. The crude urea 36 was sufficiently pure and 
was used as such. To a suspension of the crude urea 36 (922 µmol) in anhydrous tetrahydrofuran (4 mL) was added 
potassium tert-butoxide (128 mg, 1.14 mmol) and the reaction was stirred at room temperature for 4 h. The reaction 
mixture was concentrated in vacuo and the residue was dissolved in dichloromethane. The organic layer was washed 
once with aqueous 4 M ammonium acetate. The organic layer was dried (sodium sulfate), filtered, and evaporated to 
dryness. The crude product was purified using column chromatography (EtOAc/heptane : 1/1) to obtain compound 37 
(303 mg, 91%). An analytical sample was obtained by crystallization from dichloromethane/diisopropyl ether. 
 
(±)-Methyl (1R,6S)-1-[(anilinocarbonyl)amino]methyl-3,4-dimethyl-6-phenyl-3-cyclohexene-1-carboxylate (36): 
1H-NMR (300 MHz) δ 1.67 (s, 6H), 2.04 (d, 1H, J = 16.7), 2.26 (dd, 1H, J = 6.0, 17.9), 2.38 (dd, 1H, J = 7.7, 17.9), 
2.57 (d, 1H, J = 16.7), 3.28 (dd, 1H, J = 4.8, 13.4), 3.41 (dd, 1H, J = 6.0, 7.7), 3.50 (dd, 1H, J = 7.7, 13.4), 3.56 (s, 3H), 
5.09 (dd, 1H, J = 4.8, 7.7), 6.55 (s, 1H), 6.97-7.31 (m, 10H). 13C-NMR (75 MHz) δ 19.1, 19.4, 35.1, 36.0, 41.7, 44.9, 
51.5, 52.2, 120.8, 123.6, 123.7, 124.3, 127.0, 128.3, 128.5, 129.1, 138.6, 141.2, 155.5, 176.1. MS (EI): m/z (%) 392 
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(100) [M]+, 361 (5) [M-OCH3]+. HRMS: calcd for M+ (C24H28N2O3): 392.2100 found 392.2103. IR (film): ν = 2907, 
1722, 1649, 1597, 1554, 1498, 1442, 1312, 1230, 733, 698 cm-1. 
 
(±)-(6R,11S)-8,9-Dimethyl-2,11-diphenyl-2,4-diazaspiro[5.5]undec-8-ene-1,3-dione (37): Mp (CH2Cl2/diisopropyl 
ether) 227 oC. Rf (EtOAc/heptane : 1/1) = 0.43. 1H-NMR (300 MHz) δ 1.68 (s, 6H), 2.17 (d, 1H, J = 17.3), 2.28 (dd, 1H, 
J = 5.7, 17.9), 2.40 (dd, 1H, J = 9.6, 17.9), 2.54 (d, 1H, J = 17.3), 3.13 (dd, 1H, J = 3.3, 12.8), 3.41 (dd, 1H, J = 2.4, 
12.8), 3.52 (dd, 1H, J = 5.7, 9.6), 6.65 (s, 1H), 6.84-6.94 (m, 2H), 7.16-7.40 (m, 8H). 13C-NMR (75 MHz) δ 19.0, 19.1, 
34.5, 38.5, 41.1, 43.6, 45.4, 122.3, 124.8, 127.1, 128.0, 128.2, 128.7, 128.9, 129.5, 135.4, 140.0, 154.4, 174.0. IR (film): 
ν = 2911, 1718, 1684, 1411, 1359, 1182, 910, 772, 724, 698 cm-1. MS (EI): m/z (%) 360 (56) [M]+, 269 (100). HRMS: 
calcd for M+ (C23H24N2O2): 360.1838 found 360.1841. C23H24N2O2 (360.46): calcd. C 76.64, H 6.71, N 7.77; found C 
76.55, H 6.73, N 7.78. 
 
General procedure D, preparation of compounds 38 and 39: at rt, methylmagnesium bromide was added to a 0.3 M 
solution of amine 3 or 8 in anhydrous tetrahydrofuran. After 45 minutes the reaction was quenched by addition of an 
excess of aqueous 1 M ammonium chloride. The aqueous layer was extracted twice with dichloromethane. The 
combined extracts were dried (magnesium sulfate), filtered, and evaporated to dryness. The crude product was purified 
by column chromatography to give the lactam 38 or 39. Analytical samples of 38 and 39 were obtained by 
crystallization from dichloromethane/heptane. 
 
(±)-(4R,9S)-6,7-Dimethyl-9-phenyl-2-azaspiro[3.5]non-6-en-1-one (38): according to general procedure D, amine 3 
(126 mg, 461 µmol) and methylmagnesium bromide (200 µL, 600 µmol) gave after column chromatography 
(EtOAc/heptane : 2/3) the β-lactam 38 (83.0 mg, 75%). Mp (CH2Cl2/heptane) 131 oC. 1H-NMR (300 MHz) δ 1.68 (s, 
6H), 2.15 (d, 1H, J = 17.9), 2.26 (dd, 1H, J = 4.5, 16.8), 2.37-2.49 (m, 1H), 2.65 (d, 1H, J = 17.9), 2.85 (d, 1H, J = 5.7), 
3.18-3.24 (m, 2H), 5.75 (s, 1H), 7.14-7.32 (m, 5H). 13C-NMR (75 MHz) δ 19.1, 19.4, 34.6, 38.7, 42.0, 45.8, 61.5, 122.9, 
125.5, 126.9, 128.3, 128.5, 140.7, 173.6. IR (film): ν = 2898, 1744, 1450, 1187, 698 cm-1. HRMS: calcd for M+ 
(C16H19NO): 241.1467 found 241.1457.  
 
(±)-(4R,9S)-2-Benzyl-6,7-dimethyl-9-phenyl-2-azaspiro[3.5]non-6-en-1-one (39): according to general procedure D, 
amine 8 (140 mg, 385 µmol) and methylmagnesium bromide (200 µL, 600 µmol) gave after column chromatography 
(EtOAc/heptane : 1/3) the β-lactam 39 (90.0 mg, 71%). Mp (CH2Cl2/heptane) 110 oC. 1H-NMR (300 MHz) δ 1.65 (s, 
6H), 2.07-2.18 (m, 2H), 2.38-2.51 (m, 1H), 2.70 (d, 1H, J = 5.4), 2.80 (d, 1H, J = 17.7), 3.09 (d, 1H, J = 5.4), 3.28 (dd, 
1H, J = 5.1, 11.4), 3.79 (d, 1H, J = 15.3), 4.40 (d, 1H, J = 15.3), 6.46-6.50 (m, 2H), 7.04-7.15 (m, 3H), 7.24-7.34 (m, 
5H). 13C-NMR (75 MHz) δ 19.1, 19.4, 34.1, 39.3, 41.7, 45.6, 48.8, 60.4, 123.0, 125.4, 127.0, 127.2, 127.5, 128.5, 128.6, 
128.8, 135.3, 140.2, 172.1. IR (film): ν = 2889, 1744, 1450, 1398, 1165, 733, 694 cm-1. HRMS: calcd for M+ 
(C23H25NO): 331.1936 found 331.1936. C23H25NO (331.46): calcd. C 83.34, H 7.60, N 4.23; found C 82.74, H 7.60, N 
4.21. 
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Loading of Wang resin with cyanoacetic acid (40): Wang resin (4.36 g, 4.36 mmol) (1.0 mmol/g, 100-200 mesh) and 
N-hydroxybenzotriazole (2.37 g, 17.4 mmol) were suspended in anhydrous tetrahydrofuran (40 mL). At 0 oC, 1,3-
diisopropylcarbodiimide (2.73 mL, 17.4 mmol) was added and reaction was stirred for 15 minutes. Next, a solution of 
cyanoacetic acid (2.23 g, 26.2 mmol) in anhydrous tetrahydrofuran (10 mL) was added dropwise to the reaction mixture. 
The reaction was slowly warmed to room temperature and stirred for 24 h. The reaction was filtered and the resin was 
washed with alternating methanol and dimethylformamide (2 cycles) en then alternating methanol and dichloromethane 
(2 cycles). The resin was dried at 2 torr for 48 h to obtain the resin bound cyanoacetic acid (4.61 g, 85%). To improve 
the loading step, the reaction was repeated with the product of the first reaction. Resin bound cyanoacetic acid (4.56 g) 
was reacted with N-hydroxybenzotriazole (2.37 g), 1,3-diisopropylcarbodiimide (2.73 mL), and cyanoacetic acid (2.23 
g) using the procedure described above to yield the resin 40 (4.58 g, 91%). IR (neat): ν = 2260 (CN), 1745 (C=O), 1600, 
1448, 1219, 1169, 746, 696 cm-1. 
 
Preparation of polymer supported cyanoacrylate 41: a suspension of resin 40 (4.11 g), benzaldehyde (4.18 mL, 41.1 
mmol), and ammonium acetate (317 mg, 4.11 mmol) in tetrahydrofuran (50 mL) was reacted in the microwave at 350 
W for 20 minutes. The reaction mixture was filtered and the resin was washed with alternating methanol and 
dichloromethane (3 cycles, 10 mL). The resin was dried for 14 h at 1 torr and room temperature. IR 1748 (C=O), 1639 
(C=C), 1561 (as NO2) cm-1. The resin was suspended in acetic anhydride (7 mL) and irradiated in the microwave at 250 
W for 20 minutes. The reaction mixture was filtered and the resin was washed with alternating methanol and 
dimethylformamide (2 cycles) and then alternating methanol and dichloromethane (3 cycles). The resin was dried for 24 
h at 1 torr and 65 oC. To assure full conversion the reaction was repeated with the resin obtained from the last reaction 
using the same reaction conditions as described above. The resin was dried for 16 h at 1 torr and 65 oC. IR (neat): ν = 
2223 (CN), 1723 (C=O), 1601, 1511, 1448, 1238, 697 cm-1. 
 
Solid phase cycloaddition reaction to give 42: a suspension of resin 41 (453 mg), 2,3-dimethylbuta-1,3-diene (256 µL, 
2.26 mmol), and 5-tert-butyl-4-hydroxy-2-methylphenylsulfide (10 mg) in dichloromethane in a 7.5 mL Teflon® vessel 
was reacted at 1.5 GPa and room temperature for 20 h. The reaction mixture was filtered and the resin was washed with 
alternating methanol and dichloromethane (3 cycles, 10 mL). After drying the resin 42 (475 mg) was obtained. IR (neat): 
ν = 2243 (CN), 1736 (C=O), 1601, 1449, 1216, 697 cm-1. 
 
Procedure for acidic cleavage of cycloadduct from resin: a suspension of the resin 42 (218 mg) in dichloromethane 
(5 mL) and trifluoroacetic acid (500 µL) was stirred at room temperature for 14 h. The reaction mixture was filtered and 
the resin was washed with alternating methanol and dichloromethane (2 cycles). The filtrate was concentrated to 
dryness to give, according to 1H-NMR, 1-cyano-3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylic acid (11) (35.2 mg, 
78%) in a purity of >98% according to GC.  
 
Procedure for reductive cleavage of cycloadduct from resin: to a suspension of the resin 42 (141 mg, 116 µmol) in 
anhydrous tetrahydrofuran (1.5 mL) was added lithium aluminum hydride (50.0 mg, 1.32 mmol). The reaction was 
stirred at room temperature for 16 h and than the reaction was quenched by addition of aqueous 1 M hydrochloric acid 
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(2 mL). The reaction was filtered and the resin was washed with alternating water and diethyl ether (2 cycles). The 
aqueous layer and the diethyl ether layers were separated and to the aqueous layer was added potassium hydroxide until 
pH = 11. The aqueous layer was extracted twice with diethyl ether and twice with dichloromethane. The combined 
extracts were dried (sodium sulfate), filtered and concentrated in vacuo to yield the amino alcohol 43 (12.0 mg, 42%) in 
approximate 90% purity (based on 1H-NMR). 1H-NMR (300 MHz) δ 1.60 (s, 3H), 1.70 (s, 3H), 1.60-1.77 (m, 1H), 
1.86-1.97 (m, 1H), 2.05-2.15 (m, 1H), 2.33-2.62 (m, 5H), 3.14 (dd, 1H, J = 4.1, 6.8), 3.62 (d, 1H, J = 11.5), 3.68 (d, 1H, 
J = 11.5), 7.04-7.32 (m, 5H).   
 
Crystal Structure Determinations:16 crystals suitable for X-ray diffraction studies were grown by slow evaporation 
from CH2Cl2/heptane for 17 and 23a, and EtOAc/heptane for 23b. Single crystals were mounted in air on glass fibres. 
Intensity data were collected at room temperature for 23a and at -65 oC for 17 and 23b. A Nonius Kappa CCD single-
crystal diffractometer was used (φ and ω scan mode), using graphite monochromated Mo-Kalpha radiation. The 
structures were solved by the program CRUNCH42 and were refined with standard methods using SHELXL9743 with 
anisotropic parameters for the nonhydrogen atoms. For 23a all hydrogens were placed at calculated positions and were 
refined riding on the parent atoms. For 17 and 23b the hydrogens were initially placed at calculated positions and were 
freely refined subsequently. Crystallographic data and parameters of the refinements are listed in table 5.2. 
 
Table 5.2 Crystallographic data and parameters for the compounds 17, 23a, and 23b. 
Compound 17 23a 23b 
Emperical formula C26H28N2O4 C21H26N2O2 C21H26N2O2 
Molecular mass 432.50 338.44 338.44 
Temperature (K) 208(2) 293(2) 208(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Monoclinic orthorhombic orthorhombic 
Space group P21/n P212121 P212121 
Unit cell dimension (Å, o)    
a 16.0418(12) 9.4452(5) 7.01380(10) 
b 7.5508(5) 13.6480(13) 12.3349(7) 
c 19.0123(7) 29.921(3) 20.6112(11) 
α 90 90 90 
β 98.032(5) 90 90 
γ 90 90 90 
Volume (Ǻ3) 2280.3(2) 3857.1(5) 1783.17 
Z 4 8 4 
Density (calculated, mg/m3) 1.260 1.166 1.261 
µ, mm-1 0.085 0.075 0.081 
F(000) 920 1456 728 
Crystal size, mm 0.46 x 0.31 x 0.22 0.26 x 0.18 x 0.13 0.29 x 0.20 x 0.18 
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θ range (o) 2.16 - 27.50 3.06 - 27.50 3.06 - 27.50 
Reflections collected 45674 43704 61751 
Independent reflections [Rint] 5236 [0.0506] 8833 [0.0513] 4092 [0.0433] 
Refinement method Full-matrix least-squares on F2 
Data/restraint/parameters 5236/0/401 8833/0/465 4092/0/330 
Goodness-of-fit on F2 1.041 1.000 1.075 
R1, wR2 indices [I>2σ(I)] 0.0552, 0.1078 0.0628, 0.1235 0.0405, 0.0851 
R1, wR2 indices (all data) 0.0887, 0.1194 0.1729, 0.1576 0.0499, 0.0887 
Largest diff. peak and hole, e⋅Ǻ-3 0.290 and -0.249 0.227 and -0.159 0.224 and -0.218 
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Chapter 6 
 
Derivatizing dehydroepiandrosterone by a scaffold decoration strategy 
 
Abstract: The preparation of D-ring derivatives of dehydroepiandrosterone via two different approaches is described. 
Conversion of the C-17 carbonyl of dehydroepiandrosterone to nitroalkene 2 or 2-cyanoacrylate 3, followed by a 
cycloaddition reaction is shown to be unsuccessful due to a lack of reactivity of compounds 2 and 3. Conversion of the 
C-17 carbonyl group of dehydroepiandrosterone to an enol ether proved more viable and two derivatives of 
dehydroepiandrosterone are prepared using a (4+2)/(3+2) cycloaddition reaction with a nitroalkene and a 
dipolarophile. 
 
 
6.1. Introduction 
 
Natural products have long served as an inspiration for organic chemists for the development of 
new synthetic methodologies in organic chemistry.1 Moreover, natural products are a rich source for 
pharmaceutically interesting compounds.2 Unfortunately, natural product chemistry is expensive 
and time-consuming. Whereas biological screening of compounds used to be a bottleneck in the 
drug discovery process, advances in molecular biology have led to a situation where testing has 
outpaced the rate of compound supply. The requirement for large amounts of compounds in 
combination with the desire to retain R&D costs initiated the development of combinatorial 
chemistry. 
Over the years combinatorial chemistry has become a common tool in the discovery and 
development of lead compounds in pharmaceutical industry. 3  Whereas in the early days of 
combinatorial chemistry it was expected that useful lead compounds would emerge if large (random) 
compound libraries were screened, attention has shifted to the synthesis and screening of drug-like 
compound libraries.4 This shift was stimulated not only by the disappointing results of random 
compound screening but also by the realization that the chances of discovering novel drugs is 
higher if the underlying core structure, the scaffold, is biologically relevant.5 It has been recognized 
that natural products with known biological activity offer these frameworks and can be used as 
guide in the design of compound libraries.6  
In this context, the synthesis of libraries of natural product derivatives has received significant 
scientific attention.7 The preparation of these libraries has been achieved using different approaches 
including strategies in which a natural product is used as a scaffold. The synthesis of natural product 
derivatives is, however, usually limited to acylation of the amine and/or hydroxyl groups of the 
natural product backbone.8  
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The application of combinatorial chemistry to the synthesis of steroid derivatives has also attracted 
the interest of organic chemists.9 Research in this area is mostly restricted to the preparation of 
functionalized steroid scaffolds and the synthesis of peptide derivatives of steroid molecules.9   
In this chapter, the preparation of D-ring derivatives of dehydroepiandrosterone (1, figure 6.1) via 
two different approaches is explored. The considerations for selecting dehydroepiandrosterone as 
scaffold are discussed in section 6.2. In the second part of this chapter, the synthetic efforts to 
prepare spirofused dehydroepiandrosterone derivatives via a Knoevenagel condensation followed 
by a cycloaddition reaction are presented. Finally, the reactivity of 3β-Acetoxy-17-methoxyandrost-
5,16-diene (8, schem 6.3), an enol ether derived from dehydroepiandrosterone, in a (4+2)/(3+2) 
cycloaddition reaction with β-nitrostyrene and a dipolarophile is examined.      
 
6.2 Selecting dehydroepiandrosterone 
 
To demonstrate the concept of the preparation of libraries of natural compound derivatives from a 
biologically active natural compound, the selection of an appropriate natural compound is 
important.10 The compound selection was performed based on a series of requirements including the 
availability, the biological profile, and the chemical robustness. In addition, the selection was 
limited to those natural compounds containing an aldehyde and ketone functional group since these 
functional groups are fit for application within the synthetic methodologies which were explored in 
the previous chapters. This includes conversion of an aldehyde or ketone to a nitro- or cyanoalkene 
using a Knoevenagel condensation followed by a cycloaddition reaction to give a spirofused natural 
compound (chapter 4 and 5), or conversion to an enol ether which is able to react in a (4+2)/(3+2) 
cycloaddition reaction to give multicyclic nitroso acetals (chapters 2 and 3). From the pool of 
natural compounds dehydroepiandrosterone (1, Figure 6.1) was selected because this steroid 
contains a ketone functional group, is commercially available, is chemically robust, and displays 
broad biological activity. Dehydroepiandrosterone (DHEA), one of the hormones produced by the 
adrenal glands, is one of the most abundant steroid hormones in our body, yet its physiological 
importance is still not fully understood. 11  Although, the scientific data are contradictory, 
preliminary studies suggest a health benefit of DHEA in the treatment of Addison’s disease, 
depressions, erectile dysfunctions, systemic lupus erythematosus (lupus), schizophrenia, and HIV.12 
Possibly, by preparing dehydroepiandrosterone derivatives in a combinatorial fashion, derivatives 
selective to one particular biological target can be obtained. 
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Figure 6.1 Dehydroepiandrosterone. 
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Although, the synthesis of DHEA derivatives was only explored in a solution, the hydroxyl group at 
C-3 can serve as a point of attachment for a solid phase approach. To prevent side reactions caused 
by the free hydroxyl group, all derivatives were prepared from dehydroepiandrosterone 3β-acetate. 
At the outset of our synthetic attempts to functionalize the D-ring ketone of dehydroepiandrosterone, 
it was recognized that steric hindrance from the C-ring and the methyl group at the C-D ring 
junction (C-18) impose a reduction of the reactivity of cyano- or nitroalkenes, and enol ethers 
derived from dehydroepiandrosterone. However, knowing that high pressure can overcome steric 
hindrance, 13  we were prompted by the synthetic challenge to functionalize the D-ring of 
dehydroepiandrosterone via a (high pressure promoted) cycloaddition reaction.   
 
6.3 Results and discussion 
 
6.3.1 Synthesis and reactivity of cyano- en nitroalkenes derived from dehydroepiandrosterone 
 
As continuation of our research on the application of electron-poor nitroalkenes in cycloaddition 
reactions leading to compounds containing a rigid arylethylamine moiety, research was set out to 
prepare DHEA derivatives starting from 3β-acetoxy-17-nitromethylene-5-androsterone (2) (Table 
6.1). Following a literature procedure, nitroalkene 2 was prepared by condensation of 
dehydroepiandrosterone 3β-acetate with nitromethane.14 Next, it was attempted to react nitroalkene 
2 with a diene to give a spirofused dehydroepiandrosterone derivative or with an enol ether via an 
inverse electron demand Diels-Alder reaction to give a spirofused (4+2)/(3+2) cycloadduct (Table 
6.1). To assist the Diels-Alder reaction of the sterically hindered nitroalkene 2, high pressure was 
applied. Treatment of compound 2 with 2,3-dimethylbuta-1,3-diene (4) at 1.5 GPa and at room 
temperature or 50 oC did not result in the formation of a spirofused steroid (entries 1 and 2). Since, 
no reaction occurred under these conditions, it was attempted to perform the reaction in the 
presence of a Lewis acid.15 Upon reaction of steroid 2 with diene 4 and diethylaluminium chloride 
at 1.2 GPa and room temperature, the starting material was recovered from the reaction mixture 
(entry 3). When the reaction was performed at 50 oC, only polymerization of diene 4 occurred 
(entry 4). Next, it was tried to obtain a spirofused steroid by reaction of compound 2 with 1-
methoxy-3-trimethylsilyloxybuta-1,3-diene (5) at 1.5 GPa and 50 oC, but again no reaction occurred 
(entry 5).  
Despite the lack of reactivity of compound 2 with dienes 4 and 5, a (4+2)/(3+2) cycloaddition 
reaction of nitroalkene 2 with two equivalents of ethyl vinyl ether (7) was attempted. Unfortunately, 
application of 1.5 GPa at room temperature or 50 oC was not sufficient to induce formation of a 
(4+2)/(3+2) cycloadduct. 
To force a cycloaddition reaction to occur, the application of a more reactive nitroalkene was 
considered. The most plausible options appeared a nitroalkene containing an additional electron 
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withdrawing group. For this purpose an ester group seemed most apt since 2-nitroacrylates can be 
obtained by Knoevenagel condensation of a carbonyl compound with methyl nitroacetate (see 
chapter 4). Unfortunately, test reactions using cyclopentanone (8) and methyl nitroacetate (9) 
afforded in moderate yields a mixture of the compounds 10 and 11 in a ratio of approximately 1/1 
(Scheme 6.1).  
 
O
O2N
O
OMe
+
O2N
O
OMe
+
O2N
O
OMe
8 9 10 11  
Scheme 6.1 Formation of 10 and 11 from 8 and 9. 
 
Table 6.1 Reaction of 2 or 3 with 4-7. 
O
H
HH
R1
O
R3
R4O
2 R1 = NO2, R2 = H
3 R1 = CN, R2 = COOMe
H
R1
H
N
O
O
OEt
EtO R2
R5
R2
4 R3 = R4 = Me, R5 = H
5 R3 = OSiMe3, R4 = H, R5 = OMe
6 R3 = OMe, R4 = R5 = H
7 R3
R4
R5
4-6
 
 
 Compound Reagent Catalyst Conditions 
(GPa, oC) 
Result 
1 2 4  1.5, 20 No reaction 
2 2 4  1.5, 50 No reaction 
3 2 4 Et2AlCl 1.2, 20 No reaction 
4 2 4 Et2AlCl 1.5, 50 Polymerization 
4 2 5  1.5, 50 No reaction 
5 2 7  1.5, 20 No reaction 
6 2 7  1.5, 50 No reaction 
7 3 4  1.5, 50 No reaction 
8 3 4 Et2AlCl 1.2, 50 No reaction 
9 3 4 Et2AlCl 1.5, 50 No reaction 
10 3 6  1.5, 50 No reaction 
 
Since, methyl (E)-2-cyano-3-phenylprop-2-enoate is more reactive than β-nitrostyrene in the Diels-
Alder reaction with 2-methoxybuta-1,3-diene (see section 2.2.2), the reactivity of 2-cyanoacrylate 3 
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(table 6.1) was investigated. Cyanoalkene 3 was prepared following a known procedure for the 
synthesis of the corresponding ethyl ester.16 Analogues with compound 2, cyano alkene 3 was found 
to be completely unreactive with 2,3-dimethylbuta-1,3-diene (4) under high pressure (entry 7). Even 
in the presence of Lewis acid catalyst, no cycloadduct was formed (entry 8 and 9). Finally, it was 
tried to react cyano alkene 3 with 2-methoxybuta-1,3-diene (6) at 50 oC and 1.5 GPa, but again no 
reaction was observed (entry 10). 
Since compounds 2 and 3 were not reactive with electron rich dienes 3, 4, and 5 or with ethyl vinyl 
ether (7) even using high pressure conditions, it was concluded that this methodology is not suited 
for the preparation of dehydroepiandrosterone derivatives. 
 
6.3.2 Synthesis and reactivity of enol ether derived from dehydroepiandrosterone 
 
Although compounds 2 and 3 suffered from a lack of reactivity due to steric inhibition, it was 
anticipated that conversion of dehydroepiandrosterone to an enol ether followed by a (4+2)/(3+2) 
cycloaddition reaction with a nitroalkene and a dipolarophile is more viable, because it has been 
demonstrated that the high pressure assisted (4+2)/(3+2) cycloaddition reaction has a broad scope 
with respect to the application of sterically hindered enol ethers.17 In the literature, a number of 1,3-
dipolar cycloadditions with the 16,17-double bond of 3β-acetoxy-17-methoxyandrost-5,16-diene 
(14, Scheme 6.3) have been described. 18 Whereas Diels-Alder reactions involving the 16,17-double 
bond of steroids have been reported,19 no inverse electron demand (4+2) cycloaddition reaction 
involving 3β-acetoxy-17-methoxyandrost-5,16-diene (14) has yet been described. 
Before the (4+2)/(3+2) cycloaddition reaction with enol ether 14 was studied, the reactivity and 
stereoselectivity of 1-methoxycyclopent-1-ene (12) in a cycloaddition reaction with β-nitrostyrene 
and methyl acrylate was studied. Reaction of compound 12 at 1.5 GPa and room temperature with 
β-nitrostyrene and methyl acrylate afforded the nitroso acetals 13a and 13b in a yield of 69% and in 
a ratio of 2.7/1 (Scheme 6.2). The stereochemistry of nitroso acetal 13a was determined using X-ray 
analysis (Figure 6.2). The configuration of C-4, C-4a, and C-8 of nitroso acetal 13b was based on 
the knowledge that the intermediate nitronate is formed by a completely endo-selective (4+2) 
cycloaddition reaction. The trans arrangement between C-3a and C-4 of compound 13b was 
assigned by the observation that for compound 13a and for 13b 3J3a,4 = 8.1 Hz indicating a similar 
dihedral angle and thus a similar stereochemical configuration. 
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Scheme 6.2 Conversion of 12, nitrostyrene, and methyl acrylate to 13. Conditions: CH2Cl2, 1.5 GPa, rt, 36 h, 69%.  
 
Chapter 6 
 112
 
Figure 6.2 PLATON20 drawing of nitroso acetal 13a. 
 
Next, the domino (4+2)/(3+2) cycloaddition reaction between enol ether 14, β-nitrostyrene and 
methyl acrylate  was studied (Scheme 6.3). Reaction of these three components under high pressure 
resulted in the formation of a mixture of two diastereoisomeric nitroso acetals 15a, and 15b in a 
ratio of 1.7/1. After column chromatography diastereoisomer 15a and 15b were obtained in a 
combined yield of 57%. By 1H-NMR comparison with the cycloadducts 13a and 13b and 2D-
NOESY analysis (Figure 6.3) the stereochemistry of the compound 15a was determined. 
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Scheme 6.3 Conversion of 14 to 15. Conditions: CH2Cl2, 1.5 GPa, rt, 18 h, 57%.  
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Figure 6.3 Proton-proton interactions observed in 2D-NOESY spectrum of 15a. 
 
Next, enol ether 14 was reacted with two equivalents of β-nitrostyrene under high pressure to give a 
mixture of two nitroso acetals 16 and 17 in a ratio of 8/1 respectively (Scheme 6.4). After column 
chromatography compound 16 was obtained in 58% yield. By 1H-NMR comparison with the 
cycloadducts obtained from the reaction of 1-methoxycyclopentene and two equivalents of β-
nitrostyrene (compound 3, chapter 3), and 2D-NOESY analysis (Figure 6.4) the stereochemistry of 
compound 16 was determined.  
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Scheme 6.4 Conversion of 14 to 16 and 17. Conditions: CH2Cl2, 1.5 GPa, rt, 16 h. 
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Figure 6.4 Proton-proton interactions observed in 2D-NOESY spectrum of 16. 
 
6.4 Conclusions 
 
The preparation of D-ring derivatives of dehydroepiandrosterone via two different approaches has 
been explored. In the first part of this chapter, the efforts to prepare spirofused 
dehydroepiandrosterone derivatives by converting the D-ring ketone group to a reactive dienophile 
via a Knoevenagel condensation, followed by a Diels-Alder reaction are described. It was shown 
that nitroalkene 2 and the 2-cyanoacrylate 3 did not react with a series of dienes 4-6 or ethyl vinyl 
ether (7) under stringent reaction conditions.    
It was demonstrated that enol ether 14 is able to react with β-nitrostyrene and a dipolarophile via a 
(4+2)/(3+2) cycloaddition reaction to give high functionalized derivatives of 
dehydroepiandrosterone in reasonable yield. Although the (4+2)/(3+2) cycloaddition reaction 
starting from enol ether 14 was exemplified for only two examples, the broad scope of the high 
pressure assisted (4+2)/(3+2) cycloaddition reaction with respect to application of different 
nitroalkenes and dipolarophiles,17 and the compatibility of this reaction in a solid phase approach,21 
renders the final methodology fit for the synthesis of a library of dehydroepiandrosterone 
derivatives. 
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6.6 Experimental section 
 
General remarks: for general experimental details, see section 2.5. 
 
Literature preparation: the following compounds were prepared according to literature procedures: 3-acetoxy-17-
nitromethylene-5-androstene (2),22 and 3β-Acetoxy-17-methoxyandrost-5,16-diene (14) 18b. Compound 14 was prepared 
starting from 3β-Acetoxy-17,17-dimethoxyandrost-5-ene. 23 
 
Preparation of compound 3:16 a solution of dehydroepiandrosterone 3-acetate (2.42 g, 7.32 mmol), methyl 
cyanoacetate (1.29 mL, 14.6 mmol), and ammonium acetate (1.13 g, 14.6 mmol) in acetic acid (10 mL) and toluene (40 
mL) was heated at reflux under Dean-Stark conditions for 48 h. The reaction was evaporated to dryness and the residue 
was dissolved in dichloromethane. The organic layer was washed with aqueous 0.5 N potassium hydrogensulfate and 
aqueous saturated sodium bicarbonate. The aqueous layers were extracted once more with dichloromethane. The 
organic layer was dried (sodium sulfate), filtered and evaporated to dryness. The crude product was purified using 
column chromatography (EtOAc/heptane : 1/10) to give the cyano alkene 3 (2.05 g, 68%) as a white solid. [α]D20 = - 
39.3 o (c = 0.99). Mp (EtOAc/heptane) 226 oC. Rf (EtOAc/heptane : 2/5) = 0.38. 1H-NMR (300 MHz) δ 1.03 (s, 3H), 
1.05 (s, 3H), 0.96-1.94 (m, 14H), 1.98-2.15 (m, 1H), 2.04 (s, 3H), 2.24-2.40 (m, 2H), 2.76-3.00 (m, 2H), 3.18 (dd, 1H, J 
= 3.2, 7.3), 3.81 (s, 3H), 4.52-4.68 (m, 1H), 5.39 (bs, 1H, J = 5.0). 13C-NMR (75 MHz) δ 16.1, 19.6, 21.3, 21.7, 24.2, 
27.9, 31.6, 31.8, 34.2, 35.1, 36.8, 37.1, 38.3, 49.0, 49.7, 52.6, 55.0, 73.8, 98.3, 115.0, 121.7, 139.7, 162.9, 170.2, 191.9. 
MS (EI): m/z (%) 411 (4) [M]+, 351 (100), 336 (23), 145 (14), 121 (21). 
 
Preparation of compounds 13a and 13b: 1-methoxycyclopent-1-ene (498 mg, 5.07 mmol), β-nitrostyrene (721 mg, 
4.83 mmol), methyl acrylate (688 µL, 7.73 mmol.) and 5-tert-butyl-4-hydroxy-2-methylphenyl sulfide (10 mg) were 
dissolved in dichloromethane in a 7.5 mL Teflon® tube. The reaction mixture was pressurized at 1.5 GPa and room 
temperature for 36 h. After depressurizing the reaction, the solvent was evaporated in vacuo. From NMR analysis of the 
crude reaction mixture, it was determined that the reaction gave a mixture of the compounds 13a and 13b in a ratio of 
2.7/1. The crude product was purified by column chromatography (EtOAc/Heptane : 1/5) after which the nitroso acetals 
13a and 13b were isolated in a total yield of 69%. An analytical sample of the compound 13a was obtained by 
crystallization from dichloromethane/hexane. 
 
Methyl (±)-(2S,3aS,4S,4aR,7aR)-7a-methoxy-4-phenylperhydrocyclopenta[e]isoxazolo[2,3-b][1,2]oxazine-2- 
carboxylate (13a): Mp (CH2Cl2/hexane) 116 oC. Rf (EtOAc/heptane : 2/5) = 0.21. 1H-NMR (300 MHz) δ 1.09-1.22 (m, 
1H), 1.55-1.80 (m, 4H), 2.01-2.15 (m, 1H), 2.36-2.58 (m, 4H), 3.42 (s, 3H), 3.72 (s, 3H), 3.78 (ddd, 1H, J = 8.1, 8.1, 
8.1), 5.11 (dd, 1H, J = 5.1, 9.0), 7.22-7.38 (m, 5H). 13C-NMR (75 MHz) δ 22.1, 28.5, 31.7, 36.5, 46.9, 49.4, 51.4, 52.4, 
73.4, 80.4, 112.6, 127.3, 128.4, 128.9, 140.6, 170.3. MS (CI): m/z (%) 334 (11) [M+H]+, 302 (8), 271 (14), 205 (71), 
173 (100). Anal. C18H23NO5 (333.4): calcd C 64.85, H 6.95, N 4.20, found C 65.06, H 6.83, N 3.89. 
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Methyl (±)-(2S,3aS,4S,4aR,7aR)-7a-methoxy-4-phenylperhydrocyclopenta[e]isoxazolo[2,3-b][1,2]oxazine-2- 
carboxylate (13b): Rf (EtOAc/heptane : 2/5) = 0.16. 1H-NMR (300 MHz) δ 1.09-1.20 (m, 1H), 1.50-1.79 (m, 4H), 
1.97-2.09 (m, 1H), 2.35-2.67 (m, 4H), 3.41 (s, 3H), 3.70 (ddd, 1H, J = 8.1, 8.1, 8.1), 3.81 (s, 3H), 4.76 (dd, 1H, J = 5.7, 
9.0), 7.23-7.37 (m, 5H). 13C-NMR (75 MHz) δ 22.0, 28.5, 31.5, 34.6, 46.9, 49.4, 51.1, 52.5, 74.2, 81.2, 112.6, 127.2, 
128.5, 128.9, 140.9, 167.3. MS (CI): m/z (%) 334 (9) [M+H]+, 302 (13), 271 (15), 205 (52), 187 (60), 173 (100). 
 
Preparation of compound 15a and 15b: a solution of the enol ether 14 (492 mg, 1.43 mmol), β-nitrostyrene (203 mg, 
1.36 mmol), and methyl acrylate  (192 µL, 2.15 mmol) in dichloromethane in a 5 mL Teflon® tube was reacted at 1.5 
GPa and room temperature for 18 h. NMR analysis of the crude reaction mixture indicated the formation of two 
diastereoisomers 15a and 15b in a ratio of 1.7/1. The crude product was subjected to column chromatography 
(EtOAc/heptane : 1/5) to give the major diastereoisomer 15a (188 mg, 24%) as a white solid and a mixture of 15a and 
15b (259 mg, 33%).  
 
15a: [α]D20 = - 36.3 o (c = 1.33). Mp (EtOAc/heptane : 1/5) 107 oC. Rf (EtOAc/heptane : 2/5) = 0.47. 1H-NMR (400 
MHz) δ 0.93 (s, 3H, H-18), 1.01 (s, 3H, H-19), 0.96-1.06 (m, 1H, H-14), 1.07-1.20 (m, 1H, H-1), 1.25-1.31 (m, 1H, H-
15), 1.40-1.68 (m, 7H, H-2, H-7, H-8, H-9, H-11, H-11, H-15), 1.69-1.78 (m, 1H, H-12), 1.81-1.98 (m, 4H, H-1, H-2, 
H-7, H-12), 2.04 (s, 3H, OAc), 2.14-2.21 (m, 1H, H-16), 2.25-2.37 (m, 2H, H-4, H-4), 2.42 (dd, 2H, J = 7.5, 7.5, H-3’, 
H-3’), 2.80 (dd, 1H, J = 6.9, 6.9, H-4’), 3.46 (s, 3H, OMe), 3.76 (s, 3H, COOMe), 3.87 (ddd, 1H, J = 6.9, 7.5, 7.5, H-
3a’), 4.53-4.67 (dddd, 1H, J = 4.2, 5.9, 10.2, 10.2, H-3), 5.08 (dd, 1H, J = 7.5, 7.5, H-2’), 5.35 (bd, 1H, J = 4.5, H-6), 
7.19-7.38 (m, 5H). 13C-NMR (75 MHz) δ 13.9 (C-18), 19.2 (C-19), 20.6 (C-11), 21.4 (Ac), 27.7 (C-2), 31.3 (C-8), 31.5 
(C-7), 31.9 (C-15), 33.2 (C-12), 36.2 (C-3’), 36.5 (C-10), 36.9 (C-1), 38.0 (C-4), 44.1 (C-16), 48.5 (C-13), 49.1 (C-4’), 
49.7 (C-14), 50.97 (C-9), 50.98 (OMe), 52.5 (COOMe), 70.2 (C-3a’), 73.8 (C-3), 78.7 (C-2’), 111.2 (C-17), 121.9 (C-6), 
126.9 (Ph), 128.5 (Ph), 128.7 (Ph), 139.9 (Ph), 143.6 (C-5), 170.1 (C=O), 170.5 (C=O).24 MS (EI): m/z (%) 579 (19) 
[M]+, 547 (7), 493 (53), 477 (60), 418 (63), 158 (100). 
 
Preparation of compound 16 and 17: a solution of the enol ether 14 (414 mg, 1.20 mmol), β-nitrostyrene (375 mg, 
2.52 mmol), and 5-tert-butyl-4-hydroxy-2-methylphenyl sulfide (10 mg) in dichloromethane in a 7.5 mL Teflon® tube 
was reacted at 1.5 GPa and room temperature for 16 h. The reaction mixture was evaporated to dryness and a mixture of 
nitroso acetals 16 and 17 was obtained in a ratio of 8/1. The product was purified using column chromatography 
(EtOAc/heptane : 1/5) to give nitroso acetal 16 (449 mg, 58%) as a white compound.  
 
16: [α]D20 = - 78.3 o (c = 1.30). Rf (EtOAc/heptane : 1/5) = 0.18. 1H-NMR (400 MHz) δ 0.66 (ddd, 1H, J = 4.6, 11.0, 
13.5, H-14), 0.75 (ddd, 1H, J = 4.6, 12.1, 12.1, H-9), 0.82-0.93 (m, 1H, H-15), 0.92 (s, 3H, H-18), 0.96-1.06 (m, 1H, H-
7), 0.98 (s, 3H, H-19), 1.16 (ddd, 1H, J = 2.6, 13.9, 13.9, H-12), 1.24 (ddd, 1H, J = 7.5, 12.9, 12.9, H-15), 1.34-1.50 (m, 
2H, H-8, H-11), 1.55-1.78 (m, 5H, H-1, H-1, H-2, H-7, H-11), 1.86-1.95 (m, 2H, H-2, H-12), 2.05 (s, 3H), 2.02-2.09 (m, 
1H, H-16), 2.20 (dd, 1H, J = 8.1, 11.2, H-4’), 2.26-2.36 (m, 2H, H-4, H-4), 3.49 (s, 3H), 4.04 (dd, 1H, J = 0.8, 8.1, H-
3’), 4.24 (dd, 1H, J = 8.1, 8.1, H-3a’), 4.62-4.72 (m, 1H, H-3), 5.26 (d, 1H, J = 4.8, H-6), 6.31 (d, 1H, J = 0.8, H-2’), 
6.97-7.01 (m, 2H), 7.22-7.48 (m, 8H). 13C-NMR (75 MHz) δ 14.6 (C-18), 19.5 (C-19), 21.1 (C-11), 21.8 , 28.1 (C-2), 
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30.7 (C-15), 30.9 (C-8), 31.8 (C-7), 34.2 (C-1), 36.8 (C-10), 37.5 (C-12), 38.3 (C-4), 46.1 (C-4’), 47.9 (C-13), 48.3 (C-
16), 50.1 (C-9), 50.9 (C-14), 51.8 (OMe), 57.8 (C-3’), 70.7 (C-3a’), 73.9 (C-3), 112.3 (C-17), 112.5 (C-2’), 121.9 (C-6), 
126.7, 127.4, 128.6, 128.7, 128.8, 129.1, 134.7 (C-6), 139.5, 141.3, 170.4 (COOMe).24 MS (EI): m/z (%) 642 (1) [M]+, 
613 (2) [M-OMe]+, 595 (15) [M-HNO2]+, 503 (31), 475 (36), 248 (100). 
 
Crystal Structure Determination of 13a: crystals suitable for X-ray diffraction studies were grown by slow 
evaporation from dichloromethane/hexane. Intensity data were collected at room temperature. An Enraf-Nonius CAD4 
single-crystal diffractometer was used (ω-2θ scan mode) using graphite monochromated Mo-Kalpha radiation. The 
structure was solved by the program CRUNCH25 and was refined with standard methods using SHELXL9726 with 
anisotropic parameters for the nonhydrogen atoms. All hydrogens were placed at calculated positions and were freely 
refined subsequently. Crystallographic data and parameters of the refinements are listed in table 6.2. 
 
Table 6.2 Crystallographic data and parameters for compound 13a. 
Emperical formula C18H23NO5 Z 4 
Molecular mass 333.37 Density (calculated, mg/m3) 1.316 
Temperature (K) 293(2) µ, mm-1 0.096 
Wavelength (Å) 0.71073 F(000) 712 
Crystal system monoclinic Crystal size, mm 0.40x0.31x0.18 
Space group P21/n θ range (o) 2.53-27.46 
Unit cell dimension (Å, o)  Reflections collected 4076 
A 9.1077(7) Independent reflections [Rint] 3845 [0.0401] 
B 20.9102(17) Refinement method Full-matrix least-
squares on F2 
C 9.2178(11) Data/restraint/parameters 3845/0/310 
α 90 Goodness-of-fit on F2 1.019 
β 106.496(9) R1, wR2 indices [I>2σ(I)] 0.0516, 0.1193 
γ 90 R1, wR2 indices (all data) 0.0833, 0.1369 
Volume (Ǻ3) 1683.2(3) Largest diff. peak and hole, e⋅Ǻ-3 0.280 and -0.175 
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Summary 
 
 
Due to their biological activity, arylalkylamines are of considerable interest to medicinal chemistry. 
Whereas the β-arylethylamine moiety is present in neurotransmitters such as dopamine, 
norepinephrine, serotinine, and histamine, the γ-arylpropylamine moiety can be found in 
blockbuster drugs such as Seroxat® and Prozac®. To gain more knowledge about ligand/receptor 
interactions, and eventually to design more potent and more selective drugs, the preparation of 
conformational restricted arylalkylamines is an important endeavor.  
This dissertation deals with the exploration and development of methodologies aimed at the 
synthesis of arylalkylamines, or derivatives thereof, via a cycloaddition reaction of 2-aryl-1-
nitroalkenes or 2-aryl-1-cyanoalkenes (Figure 1). In these studies the compatibility of the synthetic 
sequences with respect to combinatorial chemistry were taken into consideration.    
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Figure 1  
 
Chapter 2 discusses the scope and limitations of the one-pot domino (4+2)/(4+2)/(3+2) 
cycloaddition reaction (Scheme 1). In the (4+2)/(4+2)/(3+2) cycloaddition reaction an electron 
rich diene reacts with a dienophile, a nitroalkene and a dipolarophile to produce tri-, tetra- or 
penta-cyclic nitroso acetals. In this multicomponent reaction, up to six bonds and up to eight 
stereogenic centers are created in one step in moderate to good yield and good stereoselectivity.  
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Scheme 1 
  
Chapter 3 deals with the synthesis, rearrangement, and functionalisation of N-organyloxy β-lactams 
derived from a (4+2)/(3+2) cycloaddition reaction of an enol ether with two equivalents of a 
nitroalkene. Upon treatment with nitroso acetals 1 with a base, N-organyloxy β-lactams 2 are 
obtained (Scheme 2). Under more forcing basic conditions, N-organyloxy β-lactams 2 rearrange to 
obtain 3-organyloxy β-lactams 3 (Scheme 2). By using a series of structurally diverse N-organyloxy 
β-lactams, the generality of this novel rearrangement is demonstrated. Moreover, this chapter also 
briefly explores the synthetic utility of N-organyloxy β-lactams. 
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Scheme 2 
 
Chapter 4 presents an efficient method for the solution and solid phase synthesis of 1,3-
diazaspiro[4,5]dec-7-ene-2,4-diones (4) (Scheme 3). Spirohydantoins 4 are prepared via: i) 
Condensation of alkyl nitroacetates with aldehydes or derivatives thereof to obtain a nitroalkene, ii) 
high pressure assisted Diels-Alder reaction of this nitroalkene with 2,3-dimethylbuta-1,3-diene, iii) 
chemoselective (homogeneous) reduction of the nitro group of the cycloadduct, iv) reaction of the 
amine with an isocyanate, and finally v) cyclization/cleavage.  
With respect to the solid-phase approach, the polymeric support as well as the procedure used for 
the Knoevenagel condensation were found to have a pronounced effect on the purity and the yield 
of spirohydantoins 4 after cyclization/cleavage (Scheme 3). Optimal conditions were found upon 
application of the hydroxymethylene (Merrifield-OH) resin and the Babievskii modification of the 
Knoevenagel condensation. The chapter concludes with the solid phase synthesis of an 80-
membered library of 1,3-diazaspiro[4,5]dec-7-ene-2,4-diones (4). 
 
O
O
NO2
Ar Ar
N
N
H
O
O
R
4
NH2
O
O
Ar
 
Scheme 3 
 
The main part of chapter 5 discusses the application of (E)-2-cyanocinnamates in the synthesis of 
spiroheterocycles containing an arylpropylamide moiety. Diazaspiro[5.6]dodec-2-ene-7,10-dione (6) 
are prepared via head-to-tail cyclization reactions of the terminal amine and the terminal ester of 
dipeptides 5, which consist of a cyclic α,α-disubstituted β-amino acid and α-amino acids (Scheme 
4). To induce ring closure of the dipeptide precursor 5, lactamization of the N1/C2 amide bond and 
the incorporation of a N,N-disubstituted amide bond in the peptide sequence were found to be 
essential. Chapter 5 is concluded with the preparation of compounds in which an arylpropylamide 
moiety is fixed within a series of other spiroheterocycles.  
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Scheme 4 
 
Chapter 6 is aimed at the application of the synthetic methodologies studied in previous chapters to 
the synthesis of arylalkylamines derived from a natural product. For this purpose the preparation of 
D-ring derivatives of dehydroepiandrosterone via two different approaches is explored. The 
preparation of these derivatives via conversion of the C-17 carbonyl of dehydroepiandrosterone to 
an electrophilic alkene followed by a cycloaddition reaction was unsuccessful due to a lack of 
reactivity of the resulting electrophilic alkenes. Conversion of dehydroepiandrosterone to enol ether 
7 proved more viable and derivatives 8 were prepared using a (4+2)/(3+2) cycloaddition reaction 
with a nitroalkene and a dipolarophile (Scheme 5).  
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Samenvatting 
 
 
Veel medicijnen en lichaamseigen stoffen bevatten een zogenaamde arylalkylamine eenheid. Om 
deze reden vormen arylalkylamines een belangrijke basis voor de ontwikkeling van nieuwe 
medicijnen. Neurotransmitters zoals dopamine, norepinefrine, serotonine and histamine bevatten 
een β-arylethylamine eenheid. De γ-arylpropylamine eenheid kan gevonden worden in medicijnen 
zoals Seroxat® and Prozac®. Om meer inzicht te krijgen in factoren die een rol spelen in 
ligand/receptor interacties en om uiteindelijk meer actieve en selectieve medicijnen te ontwikkelen, 
is onderzoek naar de synthese van nieuwe starre arylalkylamines van belang.  
Dit proefschrift beschrijft de verkenning en ontwikkeling van nieuwe methodes gericht op de 
synthese van arylalkylamines of derivaten daarvan, door middel van cycloaddities van 2-aryl-1-
nitroalkenen en 2-aryl-1-cyanoalkenen (Figuur 1). Hierbij werd de toepasbaarheid van deze 
methodes met betrekking tot combinatoriële chemie in acht genomen. 
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Figuur 1 
 
Hoofdstuk 2 beschrijft de mogelijkheden en beperkingen van de éénstaps domino (4+2)/(4+2)/(3+2) 
cycloadditie reactie (Schema 1). In deze reactie reageert een elektronenrijk dieen met een dienofiel, 
een nitroalkeen en een dipolarofiel, waarbij multicyclische nitroso acetalen worden gevormd. In 
deze multicomponenten reactie ontstaan in één stap 6 bindingen en 8 stereocentra in goede 
opbrengst en selectiviteit. 
 
N
O O
R3
OR1
R1O NO2
R3
X
X
+ + +
R2
Y
R2
Y
 
Schema 1 
  
Hoofdstuk 3 behandelt de synthese, omlegging en functionalisering van N-organyloxy β-lactamen 
verkregen uit een (4+2)/(3+2) cycloadditie reactie van een enol ether met twee equivalenten van een 
nitroalkeen. Bij de reactie van nitroso acetalen 1 met een base ontstaan N-organyloxy β-lactamen 2 
(Schema 2). Onder invloed van sterkere basische omstandigheden leggen N-organyloxy β-lactamen 
2 om tot 3-organyloxy β-lactamen 3 (Schema 2). De algemeenheid van deze omlegging werd 
aangetoond door middel van een serie van substraten. Tenslotte worden de synthetische 
toepassingen van N-organyloxy β-lactamen kort besproken. 
  124
 
N
O
R3
H
O
R3R
2
base
O
R3
H
NH
O
R2
R3R1OR1ON
O
R3
R1O O
NO2
R3
R2
H
1 2 3
base
 
Schema 2 
 
Hoofdstuk 4 detailleert een efficiënte methode voor de synthese van 1,3-diazaspiro[4,5]dec-7-ene-
2,4-dionen (4) in oplossing en aan een vaste drager. Spirohydantoinen 4 worden bereid via: i) 
condensatie van alkyl nitroacetaten met aldehydes or derivaten daarvan waarbij een nitroalkeen 
ontstaat, ii) hoge druk Diels-Alder reactie van het nitroalkeen met 2,3-dimethylbuta-1,3-dieen, iii) 
chemoselectieve (homogene) reductie van de nitro groep van het cycloadduct, iv) reactie van het 
amine met een isocyanaat, en tenslotte v) cyclisatie/afsplitsing.  
Zowel de vaste drager als de methode toegepast voor de Knoevenagel condensatie, blijken van 
grote invloed te zijn op de zuiverheid en de opbrengst van de spirohydantoinen 4 na afsplitsing van 
de hars. Optimale resulaten werden behaald bij toepassing van de hydroxymethyleen hars en de 
Babievskii modificatie van de Knoevenagel condensatie. Dit hoofdstuk eindigt met de synthese van 
een bibliotheek bestaande uit tachtig 1,3-diazaspiro[4,5]dec-7-ene-2,4-dionen (4). 
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Het grootste deel van hoofdstuk 5 beschrijft de toepassing van 2-aryl-1-cyanoalkenen in de synthese 
van spiroheterocyclische verbindingen die een arylpropylamide eenheid bevatten. 
Diazaspiro[5.6]dodec-2-ene-7,10-dione (6) kan worden verkregen door een kop-staart-cyclisatie 
van de eindstandige amine en de eindstandige ester van een dipeptide 5, bestaande uit een cyclische 
α,α-digesubstitueerd β-aminozuur en een α-aminozuur (Schema 4). Voor efficiënte ringsluiting is 
lactamisatie van de N1/C2 amide en de aanwezigheid van een N,N-digesubstitueerde amide in de 
dipeptide 5 essentieel. Dit hoofdstuk wordt afgesloten met de synthese een aantal andere 
verbindingen met een arylpropylamide eenheid. 
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Schema 4 
 
Hoofdstuk 6 behandelt de toepassing van de methodes beschreven in de eerdere hoofdstukken, maar 
dan in de synthese van arylalkylamines uitgaande van een natuurstof. Hiervan uitgaande worden 
twee syntheseroutes tot de bereiding van D-ring derivaten van dehydroepiandrosterone bestudeerd. 
De synthese van deze derivaten via de omzetting van de C-17 keton naar een elektrofiel alkeen 
gevolgd door een cycloadditie reactie bleek niet succesvol als gevolg van de lage reactiviteit van de 
resulterende alkenen. De omzetting van dehydroepiandrosterone naar enol ether 7 bleek meer 
succesvol en D-ring derivaten 8 werden bereid door een (4+2)/(3+2) cycloadditie reactie met een 
nitroalkeen en een dipolarofiel (Schema 5).  
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